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ABSTRACT

Repeated parameter sharing in federated learning causes significant information
leakage about private data, thus defeating its main purpose: data privacy. Mitigat-
ing the risk of this information leakage, using state of the art differentially private
algorithms, also does not come for free. Randomized mechanisms can prevent
convergence of models on learning even the useful representation functions, es-
pecially if there is more disagreement between local models on the classification
functions (due to data heterogeneity). In this paper, we consider a representation
federated learning objective that encourages various parties to collaboratively re-
fine the consensus part of the model, with differential privacy guarantees, while
separately allowing sufficient freedom for local personalization (without releas-
ing it). We prove that in the linear representation setting, while the objective is
non-convex, our proposed new algorithm CENTAUR converges to a ball centered
around the global optimal solution at a linear rate, and the radius of the ball is
proportional to the reciprocal of the privacy budget. With this novel utility anal-
ysis, we improve the SOTA utility-privacy trade-off for this problem by a factor
of v/d, where d is the input dimension. We empirically evaluate our method with
the image classification task on CIFAR10, CIFAR100, and EMNIST, and observe
a significant performance improvement over the prior work under the same small
privacy budget. The code can be found in this link,

1 INTRODUCTION

In federated learning (FL), multiple parties cooperate to learn a model under the orchestration of a
central server while keeping the data local. However, this paradigm alone is insufficient to provide
rigorous privacy guarantees, even when local parties only share partial information (e.g. gradients)
about their data. An adversary (e.g. one of the parties) can infer whether a particular record is in
the training data set of other parties (Nasr et al, [2019)), or even precisely reconstruct their training
data (Zhu et al., 2019). To formally mitigate these privacy risks, we need to guarantee that any
information shared between the parties during the training phase has bounded information leakage
about the local data. This can be achieved using FL under differential privacy (DP) guarantees.

FL and DP are relatively well-studied separately. However, their challenges multiply when conduct-
ing FL under a DP constraint, in real-world settings where the data distributions can vary substan-
tially across the clients (L1 et al.| |2020b}; |Acar et al.,|2020; Shen et al.,[2022). A direct consequence
of such data heterogeneity is that the optimal local models might vary significantly across clients
and differ drastically from the global solution. This results in large local gradients (Jiang et al.,
2019). However, these large signals leak information about the local training data, and cannot be
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communicated as such when we need to guarantee DP. We require clipping gradient values (usually
by a small threshold (De et al., [2022))) before sending them to the server, to bound the sensitivity of
the gradient function with respect to changes in training data|Abadi et al.|(2016)). As the local per-
sample gradients (due to data heterogeneity) tend to be large even at the global optimum, clipping
per-example gradient by a small threshold and then randomizing it, will result in a high error in the
overall gradient computation, and thus degrading the accuracy of the model learned via FL.

Contributions. In this work, we identify an important bottleneck for achieving high utility in FL
under a tight privacy budget: There exists a magnified conflict between learning the representation
function and classification head, when we clip gradients to bound their sensitivity (which is required
for achieving DP). This conflict causes slow convergence of the representation function and dispro-
portional scaling of the local gradients, and consequently leads to the inevitable utility drop in DP
FL. To address this issue, we observe that in many FL classification scenarios, participants have
minimal disagreement on data representations (Bengio et al., 2013} |Chen et al.,[2020; (Collins et al.,
2021)), but possibly have very different classifier heads (e.g., the last layer of the neural network).
Therefore, instead of solving the standard classification problem, we borrow ideas from the literature
of model personalization and view the neural network model as a composition of a representation
extractor and a small classifier head, and optimize these two components in different manners. In the
proposed scheme, CENTAUR, we train a single differentially private global representation extractor
while allowing each participant to have a different personalized classifier head. Such a decompo-
sition has been considered in previous arts like (Collins et al.,|2021) and (Singhal et al., [2021)), but
only in a non-DP setting, and also in (Jain et al.,[2021)), but only for a linear embedding case.

Due to low heterogeneity in data representation (compared
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EMNIST. Our method outperforms the prior work in all set-

tings. Moreover, we showcase that CENTAUR uniformly enjoys a better utility-privacy trade-off over
its competitors on the CIFAR10 dataset across different privacy budget e (Figure [T). Importantly,
CENTAUR outperforms the local stand-alone training even with, e = 0.5, thus justifying the benefit
of collaborative learning compared to stand-alone training for a larger range of privacy budget.

1.1 RELATED WORK

Federated learning with differential privacy has been extensively studied since its emergence (Shokri
& Shmatikov, [2015;[McMahan et al.,|2017a). Without any trusted central party, the local DP model
requires each client to randomize its messages before sending them to other (malicious) parties.
Consequently, the trade-off between local DP and accuracy is significantly worse than that for cen-
tralized setting and requires huge amount of data for learning even simple statistics (Duchi et al.,
2014; [Erlingsson et al.l [2014; Ding et al., [2017). By using secure aggregation protocol, recent
works (McMahan et al., [2017b} |Agarwal et al., [2018; Levy et al., 2021} |[Kairouz et al.| [2021) study
user-level DP under Billboard model to enable utility. We also focus on such user-level DP setting.

Model personalization approaches (Smith et al.| 2017 [Fallah et al.|[2020; |Li et al.l [2020bj} |Arivazha-
gan et al., 2019; (Collins et al., [2021}, Pillutla et al.l 2022) enable each client to learn a different
(while related) model, thus alleviating the model drifting issue due to data heterogeneity. Recent
works further investigate whether model personalization approaches enable improved privacy accu-
racy trade-off for federated learning. |[Hu et al.|(2021)) propose a private federated multi-task learning
algorithm by adding task-specific regularization to each client’s optimization objective. However,
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the regularization has limited ability to deal with data heterogeneity. Bietti et al.| (2022) propose the
PP SGD algorithm that enables training additive personalized models with user-level DP. However,
their generalization guarantees crucially rely on the convexity of loss functions. On the contrary, we
study the convergence of CENTAUR algorithm under more general non-convex objectives.

The closest work to our approach in the literature is [Jain et al.| (2021)), who also propose differen-
tially privately learning shared low-dimensional linear representation with individualized classifica-
tion head. However, their algorithm relies on solving the least square problem exactly at server side,
by performing SVD on perturbed noisy representation matrix. Hence, the generalization guarantee
of their algorithm intrinsically has an expensive d'-® dependency on the data dimension d. By con-
trast, we perform noisy gradient descent at server side and improve upon this error dependency by
a factor of v/d. Their algorithm is also limited to the linear representation learning problem, unlike
our CENTAUR algorithm which enables training multiple layers of shared representations.

Our work builds on the FedRep algorithm (Collins et al., 202 1)), which also relies on learning shared
representations between clients but does not consider privacy. In contrast, our work provides a novel
private and federated representation learning framework. Moreover, a major different ingredient of
our algorithm is the initialization procedure, which requires performing differentially private SVD
to the data matrix. We use the noisy power method (Hardt & Pricel[2014)) as a crucial tool to enable a
constant probability for utility guarantee. We then perform cross-validation to further boost success
probability to arbitrarily large (inspired by Liang et al.|(2014)).

2 NOTATIONS AND BACKGROUND ON PRIVACY

Notations. We denote the clipping operation by clip(z; ¢) = « - min{1, {/||z||}, and denote the
Gaussian mechanism as GM¢ , ({&;};_,) = L (3°7_; clip(zs; () + o(W) where W ~ N(0,1).
Define Rényi Differential Privacy (RDP) on a dataset space D equipped with a distance d as follows.
Definition 2.1 (RDP). For measures v, V' over the same space with v < V', their Rényi divergence
Ro(v,V') = - log Eq(v, V'), where E,(v,V/) = [ (éilf,)ady'. A randomized algorithm M :
D — O satisfies (o, €)-RDP, if VD, D' € D with d(D,D’) < 1, we have R, (M(D), M(D")) < e

User-level-RDP. Let D be the space of all of n tuples of local datasets {S;}?_,, where each local
dataset consists of m data points, i.e. D = {{S;}].; | S; = {zi;}72,}. The distance d is the
Hamming distance in the dataset level, i.e. d({S;}I,,{Si}i,) = >, 1g,zs;. We refer to the
privacy guarantee recovered by this choice of dataset space as user-level-RDP.

In Appendix [A.3] we further describe the Gaussian Mechanism and the composition of RDP, the
standard notion of Differential Privacy (DP), and the conversion Lemma from RDP to DP.

Threat Models. We aim to protect the privacy of each user against potential adversarial other clients,
i.e., any eavesdropper will not be able to tell whether one users has participated in the collaborative
learning procedure, given the information released during training phase. We establish user-level
RDP guarantees under the billboard model, which is a communication protocol that is particularly
compatible with algorithms in the federated setting and has been adopted in many previous works
(Jain et al., [2021; Hu et al., 2021} Bietti et al., [2022). In this model, a trusted server (either a trusted
party or one that uses cryptographic techniques like multiparty computation) aggregates information
subject to a DP constraint, which is then shared as public messages with all the n users. Then, each
user computes its own personalized model based on the public messages and its own private data
(Hsu et al., 2014). Our RDP guarantees only hold for releasing the shared representations br, in Al-
gorithm[T] and the guarantees are equivalent to joint-(R)DP guarantees Kearns et al.| (2014 if all the

personalized models w ' of individual users were additionally released as outputs of Algorlthm

3 PROBLEM FORMULATION

Consider a Federated Learning (FL) setting where there are n agents interacting with a central server
and the ¢th agent holds m; local data points S; = {(x;;, ¥:;) ;21 Here (xi;,yi;) € R x R denotes
a pair of an input vector and the corresponding label. Suppose that each local dataset S; is sampled
from an underlying joint distribution p;(x, y) of the input and response pair. We consider the data-
heterogenous setting where potentially p; # p; for ¢ # j. We further consider a hypothesis model
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f(:;0) : R — R which maps an input x to the predicted label y. Here @ € RY is the trainable
parameter of the model f. Let £ : R x R — R be a loss function that penalizes the error of the
prediction f(x; @) given the true label y. The local objective on client i is defined as

BES
I(GQSZ'):EZg(f(xij§0)7yij)~ )]
K3 7:1
The standard FL formulation seeks a global consensus solution, whose objective is defined as
1 n
i 0)=— 1(6;S;). 2
argmelnﬁ( ) nz_;( iSi) (2)

While this formulation is reasonable when the local data distributions are similar, the obtained global
solution may be far from the local optima arg min [(0;S;) under diverse local data distributions, a
phenomenon known as statistical heterogeneity in the FL literature (Li et al., 2020a; Wang et al.|
2019; Malinovskiy et al., |2020; Mitra et al., [2021; (Charles & Konecny, 2021} |Acar et al., 2020;
Karimireddy et al., 2020). Such a (potentially significant) mismatch between local and global opti-
mal solutions limits the incentive for collaboration, and cause extra difficulties when DP constraints
are imposed (Remark [3.I). These considerations motivate us to search for personalized solutions
that can be learned in a federated fashion, with less utility loss due to the DP constraint.

Federated representation learning with differential privacy. It is now well-documented that in
some common and real-world FL tasks, such as image classification and word prediction, clients
have minimal disagreement on data representations (Chen et al.| 2020; (Collins et al.l 2021). Based
on this observation, a more reasonable alternative to the FL objective in equation [2| should focus on
learning the data representation, which is the information that is agreed on among most parties, while
also allowing each client to personalize its learning on information that the other clients disagree on.
To formalize this, suppose that the variable & € R? can be partitioned into a pair [w, b] € R? x R%2
with ¢ = ¢; + ¢ and the parameterized model admits the composition f = ho¢ where ¢ : R? — R¥
is the representation extractor that maps d-dimensional data points to a lower dimensional space of
size k and h : R¥ — R is a classifier head that maps from the lower dimensional subspace to the
space of labels. An important example is bottom and top layers of the neural network model. We
use w and b to denote the parameters that determine h and ¢, respectively. With the above notation,
we consider the following federated representation learning (FRL) problem

1 1 &
min — > min q 1([wi, B;S) = — > L(h((i5; b)wi). is) ¢ 3)
: P

where we maintain a single global representation extraction function ¢(-; b) subject to the constraint
b € B C R% while allowing each client to use its personalized classification head A(-; w;) locally.
The constraint B is included so that equation [3|also covers the linear case studied in section

The choice of the FRL formulation in equation [3|entails considerations from both DP and optimiza-
tion perspectives: From the DP standpoint, the phenomenon of statistical heterogeneity introduces
additional difficulties for federated learning under DP constraint (see Remark [3.1] below). If the
clients collaborate to train only a shared representation function, then the aforementioned disad-
vantages can be alleviated; From the optimization standpoint, we typically have £ < d, i.e. the
dimension of the extracted features is much smaller than that of the original input. Hence, for a
fixed representation function ¢(-; b), the client specific heads h(-; w;) are in general easy to opti-
mize locally as the number of parameters, k, is typically small.

Remark 3.1 (Statistical heterogeneity makes DP guarantee harder to establish.). To establish DP
guarantees for gradient based methods, e.g. DP-SGD, a common choice is the Gaussian mechanism,
which is comprised of the gradient clipping step and the noise injection step. It is empirically
observed that to achieve a better privacy-utility trade-off, a small clipping threshold is preferred,
since it limits the large variance due to the injected noise (De et al.||2022)). Moreover, the effect of the
bias (due to clipping) subsides as the per-sample gradient norm diminishes during the centralized
training, a phenomenon known as benign overfitting in deep learning (Bartlett et al.| 2020 |Li et al.|
2021} |Bartlett et al.| | 2021). However, due to the phenomenon of distribution shift, the local (per-
sample) gradients in the standard FL setting (described in equation |2|) remain large even at the
global optimal solution, and hence setting a small (per-sample) gradient clipping threshold will
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Algorithm 1 SERVER procedure of CENTAUR

1: procedure SERVER(B’, p,, Ty, 0y, 04, Cy)

2 /1 BY is obtained from the INITIALIZATION procedure.

3 fort <~ 0to7T, —1do

4: Sample set C* of active clients using Poisson sampling with parameter p.

5: Broadcast the current global representation parameter b to active clients.

6 Receive the local update directions {g!};cc: from the CLIENT procedures.

7 Compute the update direction g* = GM¢, o, ({9} }icct)

8 Update the global representation function b*™! := AGGREGATION(b', g*, 7,).
9 // The AGGREGATION procedure depends on the feasible set B in equation [3]

10 return b’v.

Algorithm 2 CLIENT procedure of CENTAUR in the general case (for client ¢)

procedure CLIENT(b!, m, 1}, 1)
[Phase 1: Local classifier update.] w™" = argmin,, I([b}, w];S;).
[Phase 2: Local representation function update.] Set bf’o = b

1:

2 +1
3

4: for s« 0to1; — 1do

5

6

7

Sample a subset S; of size /m from the local dataset S; without replacement
Update the local representation function b%°"" := bl'® — n; - 9pl([b1°, w!t1];S5).
[Phase 3: Summarize the local update direction.] return g} := bf’Tl — bt

result in a large and non-diminishing bias in the overall gradient computation.

In contrast, for tasks where the representation extracting functions are approximately homogeneous,
the local and global optimal of the FRL formulation 3| are close and hence the gradients w.r.t. the
representation function vanishes at the optimal, which is amiable to small clipping threshold.

4 DIFFERENTIAL PRIVATE FEDERATED REPRESENTATION LEARNING

In this section we present the proposed CENTAUR method to solve the FRL problem in equation 3]

SERVER procedure (Algorithm [I) takes the following server

quantities as inputs: bY denotes the initializer for the pa- bl = b+ 7,GM¢ , ( {g”iec)
rameter of the global representation function, obtained from ) o , '

a procedure INITIALIZATION; p, denotes the portion of 8= bm‘ﬁ: I
the clients that will participate in training per global com- s, S,
munication round; 7T, denotes the total number of global BR secret w, L, secret wh
communication rounds; 7, denotes the global update step B poreabt | 70 | B sharea
size; (04, (y) stand for the noise multiplier and the clipping | 955% J668%0
threshold of the Gaussian mechanism (that ensures user- client 1 clientn

level RDP). Note that in this section, we consider random  Figure 2: The ¢-th global round of the
INITIALIZATION over unconstrained space B = R%, and the CENTAUR algorithm, where clients keep
procedure AGGREGATION(b', g*,1,) = b' + 1, - g*. Under their classification head w} secret while
these configurations, SERVER follows the standard FL pro- updating shared representation b’ —
tocol: After broadcasting the current global representation b"! based on perturbed gradients gi
function to the activate clients, it aggregates the information ~from sampled clients ¢ € C.

returned from the CLIENT procedure to update the global representation function.

CLIENT procedure (Algorithm [2) takes the following quantities as inputs: b* denotes the pa-
rameter of the global representation function received from the server; m denotes the number of
local data points used as mini-batch to update the local representation function; 7; denotes the
number of local update iterations; 7; denotes the local update step size. CLIENT can be divided
into three phases: 1. After receiving the current global parameter b’ of the representation function
fr(;Tl the server, the client update the local classifier head to the minimizer of the local objective

w!T" = argmin,, [([b’, w];S;). This is possible since the local objective [ usually admits very

simple structure, e.g. it is convex w.r.t. w, once the representation function is fixed. In prac-
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tice, we would run multiple SGD epochs on w to approximately minimize [ with b’ fixed. This is
computationally cheap since the dimension of w is much smaller compared to the whole variable
60 = [w,b]. 2. Once the local classifier head is updated to wEH, the client optimizes its local
representation function with multiple SGD steps, starting from the current global consensus b. 3.
Finally, each client calculate its local update direction for representation via the difference between

its latest local representation function and the previous global consensus, bE’Tl — bt

Remark 4.1 (Privacy guarantee). By the composition theorem for subsampled Gaussian Mecha-
nism |Mironov et al.|(2019), we prove that Algorithm (l|and Algorithm E] satisfies user-level (o, €)-
Rényi differential privacy for € = Ty-So(pg, 04), where So(pg, 04) = Ro(N(0,07)[N(0,02)+pg-
N(1,02)). In the special case of full gradient descent with p, = 1, we have that € = o - Ty /(207).

5 GUARANTEED IMPROVEMENT OF THE UTILITY-PRIVACY TRADE-OFF

In the previous section, we present CENTAUR for the general FRL problems (3). Due to the lack of
structure information, for a general non-convex optimization problem we cannot expect any utility
guarantee beyond the convergence to a stationary point. In this section, we consider a specific
instance of the FRL problems where both the representation function ¢ and the local classifiers h
are linear w.r.t. their parameters b and w;. This model has been commonly used in the analysis
of representation learning (Collins et al., 2021} 2022)), meta learning (Tripuraneni et al., |2021; |Du
et al.l |2020; Thekumparampil et al.l 2021} Sun et al.l |2021), model personalization (Jain et al.,
2021)), multi-task learning (Maurer et al., [2016). For this (still nonconvex) instance, we prove that
CENTAUR converges to a ball centered around the global minimizer in a linear rate where the size of
the ball depends on the required RDP parameters («, €). Let €, be the utility and let ¢4, be the DP-
parameter (CENTAUR is an (egp, §)-DP mechanism). We obtain the improved privacy-utility tradeoff
€ - €ap > O(d/n), which is O(v/d) better than the current SOTA result, €, - €z, > O(d*®/n), by
(Jain et al., 2021). In the following, we will first review objective in the linear representation
setting, and analyse CENTAUR to show the improved utility-privacy tradeoff.

Federated Linear Representation Learning (LRL) Recall the problem formulation in Section
For simplicity, we assume m; = m for all ¢« € {1,...,n} for some constant m. Consider the
LRL setting, where given the input x;; the response y;; € R satisfies y;; = w;-*TB*Twij. Here
B* € R™¥ is a column orthonormal global representation matrix and w; € R is an agent-specific
optimal local linear classifiers. In terms of the notations, B corresponds to the parameter b in the
general formulation (3), but is capitalized since it is now regarded as a matrix. The feasible domain
B is the set of column orthonormal matrices Q4 = {B € R>*|BT B = I.}.

Given a local dataset S (could be S; or its subset), define

. BES) =5 Y Bz -y @

(z,y)€S

Our goal is to recover the ground truth representation matrix B* using the collection of the local
datasets {S;}"_, via solving the following linear instance of the FRL problem equation

S
BTmBuiIk - ; %Fl([wi, BJ;S)) (L-FRL)

in a federated and DP manner. Here, equation |L-FRL}is an instance of the general FRL problem
with h and ¢ set to linear functions and ¢ set to the least square loss. Note that, despite the
(relatively) simple structure of equation |L-FRL] it is still non-convex w.r.t. the variable B.

Methodology for the LRL case. To establish our novel privacy and utility guarantees, we need
to specify INITIALIZATION and AGGREGATION in the procedures SERVER and we also need to
slightly modify the CLIENT procedure, which are elaborated as follows.

1. To obtain the novel guarantee of converging to the global minimizer for the LRL case, the ini-
tializer B® needs to be within a constant distance to the global optimal B* which requires a more

A similar problem is considered in (Jain et al.,[2021), but the measurement y;; suffers from an extra white
noise with variance or. In our paper, we consider the noiseless case and hence when comparing with (Jain
et al.}2021), we treat the o = 0 in their results for a fair comparison.
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Algorithm 3 INITIALIZATION procedure for CENTAUR in the LRL case.

1: procedure INITILIZATION(Ty, €;, Lo, 0¢, (o)

Run T} independent copies of PPM(L, o, () to obtain Ty candidates { B.}2° ;

// PPM stands for private power method and is presented in Algorithm[5in the appendix.
// Boost this probability to 1 — n~* via cross validation.
Find ¢ in [Tp] such that for at least half of ¢ € [Tp], s;(B/) Bs) > 1 — 2¢2,Vi € [k].
// 5;(+) denotes the i singular value of a matrix.
return B;.

AN A R i

Algorithm 4 CLIENT procedure for CENTAUR in the LRL case
1: procedure CLIENT(B?, m)
2 Sample without replacement two subsets S* and S/ from S; both with cardinality 77.
3 [Phase 1:] Update the local head w! ™ = arg min,, cgx [(w, B%;S).
4: [Phase 2:] Compute the local gradient of the representation G* = dgl([w! ™, B'];S!?);
5 [Phase 3:] return G

sophisticated procedure than the simple random initialization. We show that this requirement can be
ensured by running a modified instance of the private power method (PPM) by (Hardt & Price,|2014),
but the utility guarantee only holds with a constant probability (Lemma[FT). A key contribution of
our work is to propose a novel cross-validation scheme to boost the success probability of the PPM
with a small extra cost. Our scheme only takes as input the outputs of independent PPM trials, and
hence can be treated as post-processing, which is free of privacy risk (Lemma [F.3). The proposed
INITIALIZATION procedure is presented in Algorithm [3] The analyses are deferred to Appendix [F
2. As discussed earlier, the feasible domain B is the set of column orthonormal matrices. In order
to ensure the feasibility of B**1, we set AGGREGATION(B?, G*,n,) = QR(B* —n, - G'), where
OR(-) denotes the QR decomposition and only returns the ) matrix.

3. We make a small modification in line 2| where two subsets Sﬁ’l and Sf’2 of the local dataset are
sampled without replacement from S; and are used to replace S; in Phases 1 and 2. This change is
required to establish our novel utility result, which ensures that clipping threshold of the Gaussian
mechanism (line[7) in the SERVER procedure is never reached with a high probability (Lemma[C.T).

5.1 ANALYSIS OF CENTAUR IN THE LRL SETTING

Use s;(A) to denote the ith largest singular value of a matrix A. Let W* € R™** be the collection
of the local optimal classifier heads with W, = w;. We use s; as a shorthand for s;(W*/y/n) and
use K = s1/5s to denote the condition number of the problem. We choose the scaling 1/1/n such
that s; remains meaningful as n — co. We make the following assumptions.

Assumption 5.1. x;; is zero mean, I-covariance, 1-subgaussian (defined in Appendix[A.]).
Assumption 5.2. There exists a constant 1 > 0 such that max;e, |w; ||z < pv/ksy.

Assumption 5.3. The number of local data points is sufficiently large: m > ¢q max(k?, k*d/n).
Here ¢y hides the dependence on k, 11, and the log factors.

These assumptions are standard in literature (Collins et al., 2021; Jain et al., |2021). An elaborated
discussion is provided in Appendix [Kl While Problem is non-convex, we show that the
consensus representation B? converges to a ball centered around the ground truth solution B* in
a linear rate. The size of the ball is controlled by the noise multiplier o4, which will be the free
parameter that controls the utility-privacy tradeoff.

High level idea. For Problem (L-FRL), we find an initial point close to the ground truth solution
via the method of moments. Given this strong initialization, CENTAUR converges linearly to the
vicinity of the ground truth since it can be interpreted as an inexact gradient descent method with
a fast decreasing bias term. One caveat that requires particular attention is the clipping step in the
Gaussian mechanism (line [5]in Algorithm [4) will destroy the above interpretation if the threshold
parameter (g is set too small. To resolve this, we set (, to be a high probability upper bound of
||GY|| 7 so that the clipping step only takes effect with a negligible probability.
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In the utility analysis of the LRL case, we use the principal angle distance to measure the conver-
gence of the column-orthonormal variable B towards the ground truth B*. We also refer to this
quantity as the utility of the algorithm. Let B be the orthogonal complement of B. We define

dist(B, B*) := |[(I;— BB")B"|| = | B] B'|,< 1.

To simplify the presentation of the result, we make the following assumptions: The dimension of
the input is sufficiently large d > k®k3 logn and the number of clients is sufficiently large n. > m.
The proof of the following theorem can be find in Appendix [C]

Theorem 5.1 (Utility Analysis). Consider the instance of CENTAUR for the LRL setting with its
CLIENT and INITIALIZATION procedures defined in Algorithms [| and [3] respectively. Suppose
that the matrix B° returned by INITIALIZATION satisfies dist(B°, B*) < ¢y = 0.2, and suppose
that the mini-batch size parameter m satisfies m > c,, max{x?k*logn, k?d/n}. Set the clipping
threshold of the Gaussian mechanism (g, = C</L2]€S%\/dk logn, the global step size ng = 1/4s2,
the number of global rounds T, = crk? log(kn Cqogd/n). Assuming that the noise multiplier
in the Gaussian mechanism is sufficiently smalf’} o, < conkt/(p?dy/klogn). Let ¢y, e
cT, Cq, Cp and cq be universal constants. We have with probability at least 1 — c,mTy - n=k,

dist(BTs, B*) < cyr’ny0,CyVd/n = Edagu2k1'5d/n.

Since the SERVER procedure remains exactly the same as Algorithm [I]in the LRL case, the main
body (anything after INITIALIZATION) of the resulting CENTAUR instance has the same privacy
guarantee as described in remark However, we still need to account for the privacy leakage
of the INITIALIZATION procedure in Algorithm [3]as it is data-dependent. This will be deferred to
Appendix [F| where we show that Algorithmis an (a, €;p,;¢)-RDP mechanism, with ¢;,,;; defined in
Corollary Combining this fact with the RDP analysis for the main body leads to the following
privacy guarantee for CENTAUR in the LRL case (see Appendix [A.4).

Theorem 5.2 (Privacy Bound). Consider the instance of CENTAUR with its CLIENT procedure
defined in Algorithm [] and its INITIALIZATION procedure defined in Algorithm 3| Suppose that
the INITIALIZATION procedure is an (v, €t )-RDP mechanism (proved in Corollary . Let 0y,
the noise multiple in the CLIENT procedure, be a free parameter that controls the privacy-utility
trade-off. By setting the inputs to SERVER as p, = 1, T, = crr?log(kn,(,04d/n), the instance of
CENTAUR under consideration is an (o, €;nit + €rdp/2)-RDP mechanism, where €,q, = 40T,/ 03.

Moreover, when o, = O(n/(k‘ﬁﬂd)), we have €;nit < €rap/2, in which case CENTAUR is an

(e, €rdp)-RDP mechanism and is also an (eqp, 8)-DP mechanism with eq, = 2./T,log(1/6) /0.

Overall Utility-Privacy Trade-off We now combine the utility and privacy analyses of CENTAUR
in the LRL setting to obtain the overall utility-privacy trade-off in the following sense: According
to Theorem 5.1] to achieve a high utility, i.e. a small ¢,, we need to choose a small noise multiplier
o4 while Theorem states that the smaller o is, the larger the privacy cost.

Corollary 5.1. Use ¢, to denote a target utility, i.e. dist(BT, B*) < ¢, where B” is the output
of CENTAUR and use €4y, to denote a privacy budget, i.e. CENTAUR is an (€gp, 0)-DP mechanism.
Suppose that eq, > & u?dv/'k/(k%n), which is a restriction due to the requirement on o, in Theorem
Under Assumptions[5.1|to[5.3] CENTUAR outputs a solution that provably achieves the €, utility
within the €4y, budget, under the condition that the tuple (e, €qp) satisfies 6mk1'5u2d/ n < €, * €dp,
where ¢; and ¢, hide the constants and log terms.

When focusing on the input dimension d and the number of clients n and treating other factors as
constants, the restriction on €4, and the trade-off of the tuple (€4, €4p) can be simplified to eq, >
©(d/n) and O(d/n) < €, - €4p. Recall that in the previous SOTA result of the LRL setting (Jain
et al., 2021), the restriction on the DP budget is €4, > ©(d':%/n) (point iii in Assumption 4.1
therein) and the utility-privacy tradeoff can be interpreted as ©(d'°/n) < €, - €4, (Lemma 4.4

2The intuition behind this requirement is that our convergence analysis requires the iterates to stay within a
ball centered around the ground truth, with a constant radius (measured in terms of the principal angle distance).
Adding a large noise will break this argument. Similar requirements are made in [Tripuraneni et al.[(2021).

3Note that/Jain et al[(2021) use the Frobenius norm (instead of the spectral norm) of B | B* € R7*¥ as the
optimality metric. However, since rank(B] B*) < k, we can always bound || B B*||r < Vkdist(B, B*).
With this extra factor, Theorem[5.1]quadratically depends on k, same as Lemma 4.4 in (Jain et al} 2021), while
the dependency on d is substantially reduced, from d*-® to d.
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Table 1: Testing accuracy (%) on CIFAR10/CIFAR100/EMNIST with various data allocation settings. No data
augmentation is used for training the representations. n stands for the number clients and S stands for the
number classes per client. The § parameter of DP is fixed to 1075 as a common choice in the literature. The
budget parameter of DP is fixed to a small value of 1 for results in this table, i.e. €qp = 1.

Stand-

Methods alone-no—FIL DP-FedAvg-fb PMTL-ft PPSGD CENTAUR
CIFAR10, n=500, S=5 50.03 (1.59) 46.17 (0.12) 49.35(0.44) | 48.69 (1.44) | 53.23 (0.92)
CIFAR10, n=1000,S=2 74.06 (0.45) 57.02 (1.36) 67.79 (1.77) | 71.52(2.30) | 76.23 (0.48)
CIFAR10, n=1000,S=5 44.60 (1.30) 37.15 (1.22) 35.99 (1.79) | 44.61 (2.68) | 49.92 (0.71)
CIFAR100, n=1000,S=5 39.20 (1.12) 22.17 (2.12) 24.17 (1.43) | 32.97 (1.48) | 44.54 (1.05)
EMNIST, n=1000,S=5 93.47 (0.14) 91.32 (0.22) 92.32(0.22) | 93.44(0.20) | 94.17 (0.19)
EMNIST, n=2000,S=5 90.67 (0.46) 86.85 (1.11) 88.81 (2.08) | 88.96 (1.93) | 92.79 (0.25)

therein). Hence, we obtain a ©(v/d) improvement in both regards, which means that CENTAUR
delivers the utility-privacy guarantees for a much wider range of combinations of (e,, €4p). Please
see an elaborated discussion of this result in Appendix [J}

6 EXPERIMENTS

In this section, we present the empirical results that show the significant advantage of the proposed
CENTAUR over previous arts. Four baselines are included: Stand-alone-no-FL which stands
for local stand-alone training; DP-FedAvg-£fb which stands for DP-FedAvg with local fine tuning
(Yu et al| [2020); PPSGD proposed by [Bietti et al|(2022); and PMTL-ft which stands for PMTL
proposed by Hu et al.|(2021) with local fine tuning. Note that Stand-alone—no-FL does not in-
volve any global communications, therefore no privacy mechanism is added to its implementation.
This makes Stand-alone—no-FL a strong baseline as the utility of all included differentially
private competing methods are affected by gradient clipping and noise injection, especially when
the DP budget is small, e.g. €4, = 1. Another advantage of Stand-alone-no-FL setting is
that, the local stand-alone models are highly flexible, i.e. the model on one client and be completely
different from the one on others. On the contrary, while the models of all other non-local methods
share a common representation part, which takes up the major portion of the whole model.

We focus on the task of image classification and conduct experiments on three representative
datasets, namely CIFAR10, CIFAR100, and EMNIST. In terms of architecture of the neural net-
work, we use LeNet for CIFAR10/CIFAR100 and use MLP for EMNIST, as commonly used in the
federated learning literature, the details of which are discussed in Appendix. In terms of data aug-
mentation, we do not perform any data augmentation for training the representation, as we observe
that classic data augmentation for DP training leads to worse accuracy, as also reported in De et al.
(2022). We also tried a new type of data augmentation suggested by De et al.[(2022), which does
not consistently improve the classification (validation) accuracy in our experiments neither.

CENTAUR Has the Best Privacy Utility Trade-off. We first present the utility (testing accuracy)
of models trained with CENTAUR and other baselines algorithms under a fixed small privacy budget
€dp = 1, for a variety of heterogeneous FL settings. To simulate the data-heterogeneity phenomenon
ubiquitous in the research of federated learning, we follow the data allocation scheme of (Collins
et al.| 2021): Specifically, we first split the original dataset into a training part (90%) and a valida-
tion part (10%) and we then allocate the training part equally to n clients while ensuring that each
client has at most data from S classes. In Table[I} we observe that, under this small privacy budget,
our proposed CENTAUR enjoy better performance than all the included baseline algorithms. Impor-
tantly, CENTAUR is the only method that consistently outperforms the strong local-only baseline,
and therefore justifies the choice of collaborative learning as opposed of local stand-alone training.
Finally, we further demonstrate that CENTAUR enables superior privacy utility trade-off uniformly
across different privacy budget ¢, for the setting of EMNIST dataset (n = 2000, .S = 5) in Figure[I]

Conclusion. In this work, we point out that the phenomenon of statistical heterogeneity, one of
the major challenges of federated learning, introduces extra difficulty when DP constraints are im-
posed. To alleviate this difficulty, we consider the federated representation learning where only the
representation function is to be globally shared and trained. We provide a rigorous guarantee for
the utility-privacy trade-off of the proposed CENTAUR method in the linear representation setting,
which is O(\/&) better than the SOTA result. We also empirically show that CENTAUR provides
better utility uniformly on several vision datasets under various data heterogeneous settings.
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A MORE ON PRELIMINARIES

A.1 SUBGAUSSIAN RANDOM VARIABLE

Let x € R be a subgaussian random variable. We use ||x||,, = inf{s > 0|E[exp(x?/s?)] < 2}
to denote subgaussian norm and say x is ||x|,-subgaussian. For a random vector x € RY, we
say x is subgaussian if (x,x) is subgaussian for any weight vector € R? and the subgaussian
norm of the random vector x is defined as [[x|[[y, = SUPgeRrd, |a),=1 [[{T; X) [y, We refer to x as

[IX ||, -subgaussian.

A.2 A USEFUL IDENTITY
Note that I, = BT [B* B%|[B* B:]'B = B' B*B*' B+ B" B’ B’ " B and hence
s2..(B"B*) = spin(B"B*B*' B) = min o' B' B*B*' Ba

min llall=1
= min a’ (Ik - BTBijTB) a
all=
=1—smax(B' BB " B) =1 — (dist(B*, B))>. (5)

A.3 MORE ON PRIVACY PRELIMINARIES

Lemma A.1 (Gaussian Mechanism of RDP). Let R, be the Rényi divergence defined in Definition
we have Ro(N(0,0%),N(u,0?)) = au®/(20%). Here N stands for the standard Gaussian
distribution.

Lemma A.2 (Composition of RDP). Recall the definition of D in Definition[2.1|and let Ry and Ry
be some abstract space. Let My : D — Ry and My : D X Ry — Ry be (o, €1)-RDP and (o, €3)-
RDP respectively, then the mechanism defined as (X,Y), where X ~ M1(S) andY ~ M (S, X),
satisfies (a, €1 + €3)-RDP.

Definition A.1 (DP). Let © be an abstract output space. A randomized algorithm M : D — O is
(e, 8)-differential private if for all D, € D with d(D,D’) < 1, we have that for all subset of the
range, S C ©, the algorithm M satisfies: Pr{M(D) € S} < exp(e) Pr{M (D) € S} + 6.

Theorem A.1 (Conversion from RDP to DP). If M is an («, €)-RDP mechanism, it also satisfies
(e+ log1/3 0)-differential privacy for any 0 < § < 1.

a—1 7
A.4 PROOF OF THEOREM[3.2]

Proof. Recall the definition of the Gaussian mechanism

S

GMe o ({2iHy) = (3 clip(e; ) + oCI1)

i=1

13



Published as a conference paper at ICLR 2023

Stand-
€dp alone—-no—FL CENTAUR | DP-FedAvg-fb | PPSGD | PMTL-ft
0.25 no clip 0.01 0.01 0.01 0.01
0.5 no clip 0.01 0.01 0.01 0.04
1 no clip 0.01 0.04 0.01 0.04
2 no clip 0.04 0.06 0.04 0.04
4 no clip 0.04 0.06 0.04 0.06

Table 2: Clipping threshold ¢, to reproduce the results in Figurem

where W ~ N(0, I). Lemma states that GMc, o, is a (@, 2c/0)-RDP mechanism for a > 1
(the sensitivity is 2¢,/n while the variance of the noise is (04(,/n)?). Using the composition of
RDP again over all the iterates ¢ € [T'], we obtain that Algorlthmls an (o, €ingy + 2208 ) RDP
mechanism.

O

B DETAILS ON EXPERIMENTS SETUP AND MORE RESULTS

Models. We use LeNet-5 for the datasets CIFAR10 and CIFAR100. LeNet-5 consists of two
convolution layers with (64, 64) channels and two hidden fully-connected layers. For CIFAR10, the
number of hidden neurons are (384, 32) while for CIFAR100, the number of hidden neurons are
(128, 32). We use ReLU for activation. No batch normalization or dropout layer is used.

We use MLP for experiments on EMNIST. It consists of three hidden layers with size (256, 128,
16). We use ReLU for activation. No batch normalization or dropout layer is used.

Hyperparameters. All of our experiments are conducted in the fully participating setting, i.e.
pe. = 1. According to our experiments, the following hyperparameters are most important to the
performance of CENTAUR: the clipping threshold of the Gaussian mechanism (g, the global step
size 14, the local step size 7);, the number of global rounds Tj,.

For CIFARI10, to reproduce the utility-privacy tradeoff presented in Figure [Il we grid search the
clipping threshold (, in the set {0.01,0.02,0.04, 0.06} for every combination of privacy budget and
baseline. The resulting optimal clipping threshold is listed in the Table[2] For other parameters, we
set 7, = 0.01, Ty = 200 uniformly.

To reproduce the utility results in Table (1} l for CIFAR10, we uniformly set (;, = 0.01, i; = 0.01,
ng = 1, Ty = 200; for CIFAR100, we uniformly set (; = 0.02, m = 0.01, T, = 100, ny = 1. Note
that once the prlvacy budget gy, is glven we use the privacy engine from the package of Opacus to
determine the noise multiplier o, given 7.

For EMNIST, we uniformly set , = 0. 25 m = 0.01, T, = 40,n, = 1.

There are also some algorithm-specific parameters: For PPSGD, we set the step size for the local
correction to 7 = 0.1 and set ratio between the global and the local step size to « = 0.1. For
PMTL-ft, we set \, the regularization parameter to 1.

For baselines that require local fine tuning, we perform 15 local epochs to fine tune the local head
with a fixed step size of 0.01.

About data augmentation. In the Non-DP setting, the technique of data augmentation usually
significantly improves the testing accuracy in CV tasks. However, in the DP setting, as reported
in the previous work De et al.| (2022)), directly utilizing data augmentation leads to inferior perfor-
mance. In the same work, the authors proposed an alternative version of the data augmentation tech-
nique which would improve the testing accuracy on various CV tasks in the centralized DP training
setting. We tried their strategy in the federated representation learning setting under consideration,
which however does not improve the utility in our case.

On the other hand, since the fine tuning of the local classification head does not require DP protection
(recall that in CENTAUR, the head is kept private), we employed the standard data augmentation in
this phase (optimizing over the local classification head), which improves the testing accuracy for

14



Published as a conference paper at ICLR 2023

Table 3: Testing accuracy (%) on CIFAR10 with various data allocation settings given larger communication
budget T, = 400. No data augmentation is used for training the representations. n stands for the number
clients and S stands for the number classes per client. The & parameter of DP is fixed to 10™° as a common
choice in the literature. The budget parameter of DP is fixed to a small value of €4, = 1 for results in this table.

Methods Stand- DP-FedAvg-fb | PMTL-ft PPSGD CENTAUR
alone-no-FL

CIFAR10, n=1000,S=2 74.06 (0.45) 63.97 (0.98) 67.71 (0.78) | 74.63 (0.76) | 77.80 (0.52)

CIFAR10, n=1000,S=5 44.60 (1.30) 41.12 (0.40) 45.75 (0.81) | 48.29 (1.79) | 51.05 (0.35)

o
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> >
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© ©
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> >
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Figure 3: Testing accuracy vs €4, during training.

CENTAUR. We also tried the same technique for the fine tuning part of other baselines, but it actually
leads to worse performance. Hence in the reported results, data augmentation is only used for the
fine tuning of the local classification head in CENTAUR and is not used in any other cases.

B.1 MORE EMPIRICAL RESULTS

To study the performance of different baselines given a larger communication budget, i.e. a larger
T,, we conduct additional experiments on CIFARI0 and report the results in Table 5] We can
observe that CENTAUR has the best performance among all the included methods, uniformly in all
configurations. In Figure EI, we further show the testing accuracy (utility) vs the privacy cost €g,
during the training. We observe that CENTAUR quickly converges to a high utility can consistently
outperforms the included baselines.

C UTILITY ANALYSIS OF THE CENTAUR INSTANCE FOR THE LRL CASE

To present the utility analysis of the CENTAUR instance for the LRL case, Problem is
equivalently formulated as a standard matrix sensing problem. By setting the clipping threshold
¢, to a high probability upper bound of the norm of the local gradient G (see Lemma , we
show that CENTAUR can be regarded as an inexact gradient descent method. Given that m, the
mini-batch size parameter, is sufficiently large and that the initializer B is sufficiently close the
ground truth B*, we establish a high probability one-step contraction lemma that controls the utility
dist(B*, B*), which directly leads to the main utility theorem

Matrix Sensing Formulation Consider a reparameterizatiorﬂ of the local classifier w; = \/nwv;.
Problem (C-FRT)) can be written as

1 [ 11
min  — min Exi(\/ﬁ@i,BTmij}fyij)z : (6)

*We consider this rescaling of w; so that the corresponding linear operator in equation [8]is an isometric
operator in expectation (see more discussion below).
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Further, denote V' € R™** the collection of local classifiers, Vi. = v;. The collection of optimal
local classifier heads W* can also be rescaled as W* = /nV™* and the responses y;; € R satisfy
Yij = \/E<B*Twijv \ 202 @)

Define the rank-1 matrices A;; = a:ije(”T € R¥" (e(¥ € R™) and define the operators A; :
R — R™ and A : R¥*" — RN

Ai(X) = {Vn{Aij, X)}jem) € R, A(X) = {Ai(X) }biem) € RY, (8)
where we use N = nm to denote the total number of data points globally. Note that ﬁfl is an

isometric operator in expectation w.r.t. the randomness of {z;;}, i.e. for any X € R4*"

1 1 1 = NT ,
Eip 1[{(—AX), —A(X))] = — ne® X'"E, [z, Xe®
{ng}[<\/N ( ) \/N ( )>] N;; :c”[ J z_]]
1 n m 1 n m
_ T L 2 2
= 7 2 2 XX = g 2Dl = X

where we use Assumption in the second equality. With the notations defined above, we can
rewrite Problem (L-FRL) as a standard matrix sensing problem with the operator A

1 T
i in F(B,V;A) = —|ABVT)—AB*V*")|>. MSP
Since CENTAUR only uses a portion of the data points from S; to compute the local gradient G (see
linein Algorithm , it is useful to define the operators Af’l and AE’Q that corresponds to SE’I and
SE’Q respectively, and their globally aggregated versions A%! and A%2:

A = (Vilme® T X)) pen € BT A(X) = (AP (X)}iep €RV.1=1,2, (9)

Jj€Ss

where we denote N= mn.

Clippings are inactive with a high probability The following lemma shows that by properly
setting the clipping thresholds (4, the clipping step of the Gaussian mechanism in Algorithmtakes
no effect with a high probability.

Lemma C.1. Consider the LRL setting. Under the assumptions 5.2 and we have with a proba-

bility at least 1 — mn~F,
|G r < Cg=ccr’ksin/dklogn,
where G is computed in line Of Algor ithmand ¢, is some universal constant.

Proof. The detailed expression of G in line of AlgorithmE] can be calculated as follows:

G| = 0pl(lw;"", B];5}") = = Z (<Bt i, wi ) — yij) zyw . (10)
(45,9i5)€S;?
Using the triangle inequality of the matrix norm, ¢ is a high probability upper bound of ||G!| f if
the inequality
T T
H«Btwmuﬁ—wﬂwﬁwﬁaléc (11)

holds with a high probability. In the following, we show that the inequalities |<BtT-’Eij7 w)| < (5,
lyij] < Cys l|Zijll2 < ¢ and Jwi™h| < ¢, hold jointly with probability at least 1 — 5n~*, which
together with (¢, + (1)¢zCw < (, and the union bound leads to the result of the lemma.

Choice of ¢, Recall that in Assumption 5.1} we assume that @;; is a sub-Gaussian random vector
with ||@;;||, = 1. Using the definition of a sub-Gaussian random vector, we have

P{lyi;| > ¢y} < 2exp(—cs(]/|w}]?) < exp(—klogn), (12)

with the choice ¢, = uv'ksy - \/(klogn +log2)/cs = O(usik+/logn) since [|w} |2 < puvksg.
Here c, is some constant and we recall that sy, is a shorthand for s, (W*/+/n).

16
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Choice of (; Recall that x;; is a sub-Gaussian random vector with ||;;[|y, = 1 and therefore

with probability at least 1 — 6,
1
lijll2 < 4vd +24 /log . (13)

Therefore by taking § = exp(—k logn), we have that ¢, = 4v/d + 2,/log 3= O(WVd).

Choice of (,, We can show that ¢, = 2uv/ksy, is a high probability upper bound of [Jw!™.
Proving this bound requires detailed analysis of FedRep and is discussed later in equation

Choice of (; The following event is conditioned on the event ||[w!™!||2 < 21v/ks;. We will then
bound the probability of both events happen simultaneously using the union bound. Since x;; is
a sub-Gaussian random vector with ||x;;||y, = 1, using the definition of a sub-Gaussian random
vector, we have

P{(B'w;™ ;)| > (1} < 2exp(—cs(7/|lw] %) < exp(—klogn), (14)

with the choice ¢; = 2uvksy - \/(klogn +1og2)/cs = O(uspky/Iogn) since ||wit!|, <
211v/ksy,. Here ¢, is some constant and we recall that sy, is a shorthand for s;,(W* /\/n). Using the
union bound, we have that w.p. at least 1 — 2 exp(—k logn), the upper bound (; is valid. O

The idea behind the proof To present the intuition of the utility analysis of CENTAUR, define

V(B;A) = argmin F (B, V; A), (15)
VeRnxk

where A is some matrix sensing operator and F is defined in Problem (MSP). Under the event that
the clipping steps in the Gaussian mechanism in Algorithm [4] takes no effect, the average gradient
G'=1%"" | G! admits the following compact form

G! = 0pF(B', V(B!; AbY); A?). (16)
Suppose that A%! ~ A%2 ~ A (recall that all these linear operators are comprised of i.i.d. data
points x;; and are hence similar when m is large). Further define the objective

G(B;A)= min F(B,V;A. (17)
VERnxk

We have G' ~ VG(B'; A) since
VG(B'; A) = 0pF(B',V(B"); A)+Jv(B") "0y F(B',V(B'); A) = 0 F(B',V(B'; A); A),

where Jy (B) denotes the Jacobian matrix of V' (B;.A) with respect to B and the second equality
holds due to the optimality of V' (B?; A). Consequently, conditioned on the event that all the clipping
operation are inactive, CENTAUR behaves similar to the noisy gradient descent on the objective
G(B; A) (up to the difference between A1, A%, and A). In the following, we show that while the
objective G(B; .A) is non-convex globally, but we can show that CENTAUR converges locally within
aregion around the underlying ground truth.

operators A"! and A"? (defined in equation [9) satisfy. Recall that N = mn = Y7 |S""'|. The
proofs are deferred to Appendix [E]

Lemma C.2. Under Assumption the linear operator A% satisfies the following property with
probability at least 1 — exp(—ci1klogn):

1
| =

One-step contraction To present our theoré,) we first establish the following properties that the

sup (AL (BVT), AYBVT)) — 1] < 60,

VeR"XE |V p=1

Here, the factor §Y) = \/klogn/v/m.

17
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Lemma C.3. Under Assumption the linear operator A% satisfies the following property with
probability at least 1 — exp(—coklogn): For Vy, Vy € R™¥F,

1
sup =
Ville=IVallp=1 N
Here, the factor 6% = \/kTogn/v/m.
Lemma C.4. Under Assumptionsand the linear operator A%? satisfies the following prop-
erty with probability at least 1 — exp(—csklogn): For a € R% b € R¥

(AYY(B'B'" — I,)B*V,"), A*(B'V,"))| < 6@ dist(B?, B*).

1
sup |ﬁ<,4t»2(13tv'f+1T —B'V*T), A2 (ab VI ))| < 6@ $2kdist(B', B*).
lal=[[b]|=1

Here, the factor §©) = 4(v/d + \/klogn)/ (vV/mnk?).

We now present the one-step contraction lemma of CENTAUR in the LRL setting. The proof can be
found in Appendix [D.1]

Lemma C.5 (One-step contraction). Consider the instance of CENTAUR for the LRL setting with its
CLIENT and INITIALIZATION procedures defined in Algorithms H| and 3| respectively. Suppose that
the matrix B returned by INITIALIZATION satisfies dist(B?, B*) < ey = 0.2 and suppose that
the mini-batch size parameter satisfies

k2d + k3 log n}
n )

for some universal constant c,,. Set the clipping threshold of the Gaussian mechanism 4 according

to Lemma and set the global step size ng = 1/ 452, Suppose that the level of manually injected

noise is sufficiently small: For some universal constant c,, it satisfies

CoN 1 KA
o4 < min , . 18
g = p2(vVd + Elogn) <k2 logn dklogn) (19

We have the following one-step contraction from a single iteration of CENTAUR

dist(B*, Bt*!) < dist(B*, BY)\/1 — Eo/8K% + 30/\/%\@ (19)

m > cm, max{/i2k2 log n,

holds with probability at least 1 — cpmn*k, where c,, is some universal constant. Moreover, with
the same probability, we also have

dist(B*, B) < dist(B*, B?). (20)
Remark C.1. The lower bound of the mini-batch size parameter m is derived to satisfy the following
inequalities:

1—0M7 (1—-06M)2 - 36s7
which is required to establish the above one-step contraction lemma. The upper bound of the noise
multiplier o4 is derived to satisfy the following inequalities:

SR e M)

max

n 4Cn K2k logn’ 3C\VdE,

Proof of Theorem[5.1} Denote Ey = /1 — ¢3. Using the recursion , we have
dist(B*, BY) < (1 — Eo/8k%)!/2dist(B*, B®) + 30N%9Cgﬁ/(1 — /1 - Ey/8k2)
< (1 — Eo/8k%)/2dist(B*, B®) + 480N,<;27’9‘;7g<9\/&/1;0. (22)
With the choice of 7" specified in the theorem, we have that
dist(B*, BY) < cqr? 779279@’\/&, (23)
for some universal constant cq. By plugging the choices of 74, (4, we obtain the simplified bound

dist(B*, BY) < éqo,u*k**d/n,
where ¢4 hides the constant and log terms. O

18
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D PROOF OF THE ONE-STEP CONTRACTION LEMMA

D.1 PROOF oF LEMMA [C.3]

Proof. The following discussion will be conditioned on the event that all the clipping operations are
inactive, whose probability is proved to be at least 1 — 50" in Lemma Using union bound to
combine the following result and Lemma|C.I]leads to the result.

Recall that the average gradient G* = L 3" | G and denote Q' = BVt _ B*V*T Denote

B =B'+1,-G". (24)
Recall that C* = {1,...,n} given p, = 1. Since the clipping operations are inactive, we have
_ o C
Bt+1 _ Bt o nthvt+1 + ng (Qtvt+1 o Gt) + 779 ng g Wt, (25)

where W denotes the noise added by the Gaussian mechanism in the #** global round. Note that
B Q' = Bj_TBtVt“T, and denote the QR decomposition B*+! = B**1 R!*1 We have

BjTBt+1
BT (B Qi g, (@ - @)+ B (i)
=B B (L v+ Vi) (R

+0,BL T (QVIT -G (R + %JTgchjTWt(Rt“)_l.
Recall the definition dist(B*, BY) = || B% " BY||. We bound

dist(B*, B'™) < dist(B*, BY)||I, — , V' VI (RHY 7Y

-1 Ngo C * T -1
@V =GR + F B WH[(RT L 26)
In the following, we show that the factor || I — ngV”lTVHlH||(Rt+1)_1|| < 1 which leads
to a contraction in the principal angle distance and treat the rest two terms as controllable noise
for sufficiently small constants (6, §(2), §(®)) (see Lemma [C.1) and a sufficiently smaller noise
multiplier o, (see equation [T8).
Bound || I, — n,V'+! V1|, Recall that i, = 1/4s2. Using Lemma we have

25(2)3%\/E

L, — VL VL < 1 — iy (Eos2 — Sy dist(B*, BY) < 1— 1, Eos} - 0.75, (27)
where we use the following inequality in Remark [C.1]
2003k 20 s2v/k

Bound ||(R'+1)""||. With the choice of /7 stated in the lemma, the tuple (5, 5, 5®)) satisfies

the requirements in Remark Using Lemma we have with probability at least 1 — 4n~*
IR < 1/y/1 = mys2 Eo /2. (29)
Combining equation [27]and equation [29] we have the contraction

1—mnys2Ep-0.75

< 1.
1-— ngsiEo -0.5

15—V VIR <
We now bound the last two terms of equation 26

19
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Bound ||Q'V'*! — G*|. Using Lemma|D.6| we have

QI VI — G| < 6 s2kdist(B*, BY) < Eysidist(B*, BY) - 0.25, (30)
where we use condition in Remark [C.1|6() sk < Eys? /4.
Bound UjTWt. Due to the rotational invariance of independent Gaussian random variables, ev-

ery entry in BY TW* ¢ R("~k)** is distributed as A(0,1). Using Lemma we have with
probability at least 1 — n ="

|B: "W < Cn(Vd =k 4+ VE + /In(klogn)) < 3CxVd, (31)

where we assume d = Q(loglogn) to simplify the above bound.

Final Result. Combining the above bounds, we conclude that the following one-step contraction
holds under the assumptions stated in the theorem.

1 —nyEos; - (0.75— 0.2
dist(B*, B) < dist(B*, Bt) -~ e Eosi (075 —0.25) | 5 M40uCo /g
1 —nyEosi - 0.5 n

<dist(B", B')\/1 - 1,Eos} - 0.5 + SCN%;@\/&

D.2 LEMMAS FOR THE UTILITY ANALYSIS

Lemma D.1. Use vec(-) and ® to denote the standard vectorization operation and Kronecker prod-
uct respectively. Recall that V¥ := arg miny cpnxr F (B, V; Ab). We have

vec(VHY) = vee((B*V* )T BY) — ft (32)
where

Ft = (BtTB* ©I,— H“_lHt*> vee(V*) = H ™! (H“(BtTB* © 1) — H‘*) vee(V*).

(33)
Here we denote
HY = 72 Z ’U€C A Bt vec(A;er*)T c Rnkxnk’ (34)
jest 1
H! == Z Z vec(A;B')vec(A;B")T € R, (35)
= Jest 1

We use Ft € R™"** to denote the matrix satisfying f* = vec(F*).

Proof. Recall that N = mn. For the simplicity of notations, we use the collection {A;}, | =
., N todenote {A;;},7 € [n], j € S (there exists a one-to-one mapping between the indices
l and (i, j)). Compute that for any B € R?* and V' € R"**

vec((‘?v]:(B7 V)

% Z (vec(A]' B) " vec(V) — vec(A] B*) " vec(V*)) vec(A] B)

N N
1
E B)vec(A] B)T | vee(V) — ﬁg vec(A] B)vec(A] BY)T | vec(V*).

== \

20
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Since V! = arg miny, cgnxx F (B, V; A1), we have Oy F (B!, Vit A1) = 0 and hence

_ -1 _

1 1
vec(VHH) = i Z vec(A]' B ) vec(A] BY)T o Z vec(A] BY)vec(A] B*)" | vec(V*)
1=1 =1

— H' vec(V'™),

where we denote

N
1
H™ = Nz vec(A]' BY)vec(A] B*)T € Rmkxnk,
1 N
H'" = N Zvec(A B vec(A] BY)T € Rk,

l

1

Use ® to denote the Kronecker product of matrices. Recall that

(BT ® A)vec(X) = vec(AX B). (36)

We have
vec ((B*V*T)TBt) — vec (V*B*TBt) — (B B* ® I) vec(V™). (37)
O

Lemma D.2. Recall the definition of H* in equation and that Spyin denotes the minimum sin-
gular value of a matrix. Suppose that the matrix sensing operator A>! satisfies Conditionwith
constant 6. We can bound

Smin (H') >1— 00,
Proof. From the definition of s,,i,, we have

1
$min(H') = min vec(P)" H" vec(P) = ﬁ(At’l(BtPT),At’l(BtPT» >1-06W,
P ernXk
IPlr=1

O

Lemma D.3. Recall the definitions of H* and H'* in equation[35|and equation[34and recall that
dist(B?t, B*) is the principal angle distance between the current variable Bt and the ground truth

B*. Suppose that the matrix sensing operator A*' satisfies Condition with constant §®). We
can bound -
|H"(B' B* @ I;) — H" ||, < 6®dist(B?, B*). (38)

Proof. Recall that N = mn. For the simplicity of notations, we use the collection {A4;}, | =

., N todenote {A;;},i € [n], j € SF"" (there can be a one-to-one mapping between the indices
I and (4, 7)). For arbitrary W € R"** P ¢ R™*¥ with |W | r = || P||r = 1, we have

vec(W) " vec(A; BY) vec(A] BY) " vec(PB*T BY)

2|~
&MZ‘

ﬁ
Il
-

vec(W)TH“(BtTB* ® I;) vec(P) =

(A;, B'WT)(A;, B'B'' B*P")

Il
—

K2

<At I(BtWT) Atl(B BtTB PT)>

I
w\H 2 =
M=

where we use (B ® A)vec(X) = vec(AX B) in the first equality. Similarly, we can compute
that

vee(W)T H' vec(P) = %{A“(BtWT),A“(B*PT)>, (39)
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and hence
1
vec(W)T (H”(BtTB* ® I,) — Ht*) vee(P) = (A" (B'WT), ALY (BBt —1,)B*PT)).
(40)
Using Condition[C.3|and the definition of sy,ax, we have the result. O

Lemma D.4. Recall the definitions of F* and f' in equation |33| and recall that dist(B?, B*) is
the principal angle distance between the current variable Bt and the ground truth B*. Suppose
that the matrix sensing operator A satisfies Conditions and with constants 6V and 52
respectively. We can bound

5@ sV

mdiSt(B*,Bt), (41)

IF = 11£]l2 <

and
5@ s VE
1—6M

s1VE(1 — 60 4 63)

t+1
IV < Vs + 1_50

dist(B*, B") < (42)

Proof. The bound on || F*||  a direct consequence of Lemmas|D.1]to[D.3]and the fact that the matrix
norms are sub-multiplicative. The bound on ||[V**1||£ is due to the fact that the matrix norms are
sub-additive. O

Lemma D.5. Suppose that the matrix sensing operator Ab' satisfies Conditions and with

sOVE (2% 1 < s7.Eo
1= (1=5()2 S = 36sZ"

constants 6V and 6) respectively. Further, suppose that max{ For a

sufficiently small step size ng < 1/(4s%), we have Iy, — 779V”1TV'5Jrl = 0. Moreover, we can
bound
20 s2\/k

.
1T — 5,V VIl < 1 -y (Eys? — T30

dist(B*, B)). (43)

Proof. We first show that the matrix Iy, — 7, Vi Tyt g positive semi-definite for a sufficiently
small step-size 7,. Note that following the idea of the seminal work |Jain et al.| (2013), the update of
Vitl — V(B! Ab) can be regarded as a noisy power iteration, as detailed in Lemma This
allows us to compute

VTV, = VBT B - FU(} < 2|V B B[} + 2| F'|3

5(2)31@

2
. * t 2
T3 dist(B*, B )) < 4s7,

gzs%+2<

where we use Lemma in the first inequality and use ‘;(_2;}/1? < 1 in the last. Consequently, for
779 S é9 Ik - nthJrlTVtJ,»l >F 0
Given the positive semi-definiteness of the matrix Ij, — nthHTVt“, we can bound
2 — ngvt+1TVt+1H2 <1- ngsmin(vt+1Tvt+1)-
By using Lemma|[D.T|again. We have
Vt-l-lTvt—&-l — (V*B*TBt o ‘Ft)T (V*B*TBt o Ft)
=B''B'V''V'B"'B' - F''V'B*'B'-B''B'V*'F' + F'' F'.
Note that F* ' F* is PSD which makes nonnegative contribution to smin(Vt“TVt“) and hence
5n1in(vt+1—rvt+1) > Smin(BtTB*V*TV*B*TBt - FtTV*B*TBt . BtTB*V*TFt)
> smin(BY B*V* V*B*T Bt — 25, (F''vV*B* T B)
> 52, (B' B*)s23, (V") = 2| F||smax (V) (44)

— “min min
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To bound the first term of Eq. equatlon | recall that smm(BtTB*) =1- (dist(B* B?))? from

Eq. equatlonand dist(B*, Bt) < dist(B*, B?) from the induction, we have s2, (BtTB*)
Ey. To bound the last term of Eq. equation 44] we use Lemma to obtain ||FtH2 < ||Fr <

52 )Slf
1—-5(1)

kdist(B*, B*). Combining the above results, we have

T 25 @) s2Vk .
1Ty — VI V| < 1 — gy (Eos? — 6(1) 1 —dist(B*, B")). (45)

O

Lemma D.6. Recall that V**' = V(B*; A" (see the definition of V(-; A) in Eq. equation|[15),
Q= Btyt+ll B*V*' G = % Sor_, Gt is the global average of local gradient, and recall
that dist(B?, B*) is the principal angle distance between the current variable B' and the ground
truth B*. Suppose that the matrix sensing operator A2 satisfies Condition with a constant
5B). We have

|G — Q'V'™ |, < 6@ sikdist(B*, BY). (46)

Proof. Recall that N = mn. For the simplicity of notations, we use the collection {A4;}, | =
., N todenote {A;;},7 € [n], j € S/ (there can be a one-to-one mapping between the indices

I and (4, j)). With this notation, we can compactly write G* as

N

> (ALQHA VT (47)

=1

1
Gt:_
N

From the definition of sy,.x, for any @ € R? with ||alj2 = 1 and any b € R* with ||b]l2 = 1, we
have

al N
L 1
Hﬁ Z<Al7Qt>Ath+1 —Q'V'"ty= max a' N Z<A¢7Qt>Ath+1 _ovi | b,
=1 lallz=]bll2=1 —

We obtain the result from Condition

1
|ﬁ<At’2(BtVt+1T — B*V*T), A2 (ab T VI )| < 6®) s2kdist(BY, BY).  (48)

O

Lemma D.7. Recall that BT = B**' R is the QR decomposition of BT, Denote Ey = 1— €2

and o = (4o4m4/n. Suppose that Condmonsm toﬂare satlsﬁed with constants 5V, 6, and
sOVE  (6P)2k $2E,

175\5’ ((1 5<)1> 2,00k} < 3657

noise is sufficiently small o < Mﬁ. We have with pr()babllzty at least 1 — 4 exp(—klogn)

6B, Further, suppose that max{ and the level of manually injected

1
Y Mo < — | 49
1B e < e (49)

Proof. We now focus on bounding smin(R'™!). Recall that Gt = dgF (B!, Vitl; A"2) with
Vil = V(B?; A" (see the definition of V(-;.A) in equation[15) and recall that B'*! := B! —
ngG' + oW, Compute

RiH1T R — gt+1T g+l
I, + 77ng Gt + AW Wt — ngBtTGt _ nthTBt + oB! W + oWt Bt — UgO'GtTWt
Therefore, we have

smin(RH'lTRH'l) > 1—27g5max (BtTGt) —QOSmaX(BtTWt)—QUQO'SmaX (GtTWt) . (50)

We now bound the last three terms of the R.H.S. of the above inequality.
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1. Smax (BtTGt): To bound Syax (BtTGt), compute that
BtTGt _ BtTQtVt+1 —I—BtT (Gt . QtVt+1) (51)

where we recall the definition of Q* as Q! = B!Vt _ B*V* T Note that the spectral norm of
second term in Eq. equation [51]is bounded by Lemma|[D.6|and we hence focus on the spectral norm

of the first term Bt ' Q*V'*+1. Recall the noisy power interpretation of V**+! in Lemma We

can write

BtTQtvt-H _pt' (Bt(BtTB*V*T _ FtT) _ B*V*T) Vil — pt Tyl — pt ! (V*B*TBt _ Ft)
(52)

where we use Bt | (BtBt—r — Id) B*V*T = 0. Consequently, we can bound sy,ax (BtTGt) as

follows

swax (B''G') < s1[[F'[l2 + [|F'[3 + |G — Q'V'H

§@ 2k N (6®)2s2k 52k < s1Ey
T 1-6M 7 (1-6M)2 U120

. @) )2 > .
where we use the assumptions that max{‘i_(;}/f, %, sBEY < Z’%fz" and dist(B*, BY) < 1
1

for the last inequality.

T . . . . . .
2. Smax (Bt Wt): Due to the rotational invariance of independent Gaussian random variables,

every entry in Bt ' Wt € R**¥ is distributed as A (0,1). According to Theorem 4.4.5 in|Vershynin
(2018), with probability at least 1 — 2 exp(—k log n), we have the bound || Bt W|| < CN47 Vglfg’g”
for some universal constant Czr.

3. Smax (GtTWt): Let G' = UgSgVg be the compact singular value decomposition of G
such that Ug € R™* and UL Ug = I}. We can bound

smax (G W) < |1SGllIUGW]. (53)
Due to the rotational invariance of independent Gaussian random variables, every entry in
UL W' € RF*# is distributed as (0, 1) and hence with probability at least 1 — 2 exp(—klog n),
we have the bound ||UGTWt | < @\/47 \/8’\“}2"5” for some universal constant Cxr. We now focus on
bounding ||Sg||2 = ||G?||2. Note that

Gt —_ Qtvt+1 4 (Gt _ Qtvt+1) , (54)
where the spectral norm of second term in Eq. equation [54] is bounded by Lemma[D.6] Recall the
noisy power interpretation of V**! in Lemma We can write

Qtvt+1 — (Bt(BtTB*V*T _ FtT) _ B*V*T) Vt+1
— ((BtBtT _ Id)B*V*T o BtFtT) (V*B*TBt _ Ft) ,

and therefore we can bound

5@ svVEk

2
5 dist(B*,Bt)> < 4s2, (55)

1Q VI |z < (s1+ [|[F]2)* < (51 +

. ©)
since we assume that ‘iié}/f <1

Combining the above three points, we have with probability at least 1 — 4 exp(—k logn)

Smin(RTY R > 1 — )52, /6 — 0 - O/l logn/6 — ngo - Cary/kelogn - s2/6. (56)
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Hence, if we choose o such that (recall that n, < 1 / 43%)

Ey
g - OJ\[\/ klOg’fL < ’I’}gSiEO and T)g0 - C/\/’\/ klOg?’L S% < T]gSiEo =0 < m, (57)
we have
1
Smin (R RN > 1 — 2B /2 = s (R ™) < ——— (58
v1- ngS%EO/Q
O

E ESTABLISH LEMMAS TO FOR THE LRL CASE

E.1 PROOF OF LEMMAI[C.D]

For the simplicity of the notations, we omit the superscript of Az’l and A", Moreover, recall that
v,=V,. € R* denotes the ith row of the matrix V.

While we can directly use an e-net argument to establish the desired property on the set of matrices
V € R |V r = 1, itleads to a suboptimal bound since the size of the e-netis O((2+1)"%). In
the following, we show that by exploiting the special structure of the operator 4, i.e. V is row-wise
separable in A(B'V "), we can reduce the size of the e-net to O((2 + 1)¥): Compute that
1 1 I~ 1 AT AT
— 7,«4 BtVT) = — e .Ai(Bt’Uie(z) ,.Ai Bt’Uie(z) ) .
= JRABVI =03 ) A )

If for any v € R* ||v||; = 1, we have %(Ai(Btve(i)TLAZ-(Btve(i)T» =n(1£0(W)), we
can show

(F=AB'V),

1 & 1 75Uie(i)T

L ty,s T L v — — v; 2_ ;
\/ﬁA(BV )7\/ﬁA(BV )) n;” 2H2m<~'42(B [vill2

AT
tvie(’)

[|vill2

= > lwill3 (1£0(6D)) = 1+ 0(6M), WV € R, |V p =1,

i=1
which is the desired result (note that (B*V' ", B*V' ") = || B*V ||z = 1). We now establish
, 1 &
T(Ai(Btve(l)TLAi(Bt Zn TBt v) =n (1 + (’)(5(1)))
holds for any v € R¥ |lv|ls = 1. Let S*~! be the sphere in the k-dimensional Euclidean space

and let \V;, be the 1 /4-net of cardinality 9k (see Corollary 4.2.13 in [Vershynin| (2018))). Note that
L3 n((xBY) T v)? —n =nv (BtT( S @) Bt — Ik) v and we have

1 1
sup wv' BtT(meijw;rj)Bt—Ik v<2sup v’ BtT(%Zmijw;—)Bt—Ik v,

veSk-1 m j=1 veEN)
(59
where we use Lemma 4.4.1 in|Vershynin| (2018)). In the following, we prove
T tT (1)

sup v B X, I, |v<d6')/2

vGNk g ’ /
so that we have = 3™ n((z;B)Tv)? = n (1+ 0O(sW)).
For any fixed index i, denote Z;; = (x; B'v)? = n(z;; B'v)? and note that 4, [Z;;] = n. Since
x;;’s are independent subgaussian varlaigles Z;;’s are independent subexponential variables. Recall
that Il - ||y, and || - ||, denote the subgaussian norm and subexponential norm respectively and
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we have [| XYy, < || X||y,]|Y ||y, for subgaussian random variables X and Y™ (see Lemma 2.2.7
in |Vershynin| (2018)). Therefore, we can bound ||Z;;||y, < n||B‘v||3 = n. Using the centering
property (see Exercise 2.7.10 of |Vershynin|(2018)) and Bernstein’s inequality (see Theorem 2.8.1 of
Vershynin|(2018)) of the zero mean subexponential variables, we can bound, for every 7 > 0

m2n?r? mnTt )

T 12112, maxepm) 121,

Lo
Pr{|=> Z,;—n|> <9 —cmi
r{\m Z j—n|>nt} <2exp ( cmln{Z
j=1
=2exp (—c min{mr?, mT}) "= 2exp (—cmTz)
where ¢ > 0 is an absolute constant. Using the union bound over N, and set 7 = /klogn/v/m.
We obtain 6" < \/kTog n/+/m with probability at least 1 — exp(—c’k log n) for some constant c’.
Similarly, we can show that = 3" n((z;B")Tv)? = n (1 - O(5")). We therefore have the
result.

E.2 PRrRoOOF oF LEMMAI[C]]

Recall that v; € R¥ denotes the ith row of the matrix V' and denote W = (BtBtT —I,)B*.

Following a similar argument as Lemma[C.2] we simply need to focus on showing for any v, vs €
R, vy || = [lal| = 1, we have L (A;(Wore® "), A;(Blvse® ) = +O(nd®) (Note that

<Wvle(i)T, Btvze(i)T) = 0). Let S*~! be the sphere in the k-dimensional Euclidean space and
let NV}, be the 1/4-net of cardinality 9% (see Corollary 4.2.13 in Vershynin (2018)). Note that

1 T T 1 &
%<Ai(WB*’U16(l) ), Ai(Btvoe™ ) = nv/ WT(% Za)ijw;)Bt va.  (60)
j=1
Moreover, according to Exercise 4.4.3 in|Vershynin|(2018), we have

m m
1 1
sup v [WT(= E :cij:v;rj)Bt vy <2 sup v [WT(= E mijw:j)Bt Vg.
v1,v2 €Sk m j=1 v1,02 ENg, m j=1

In the following, we prove that the quantity on the RHS is bounded by §(2) /2 so that we have the
desired result.

For any fixed index i, denote Z;; = n(x,;Ww1)(x; B'v,) and note that E, [Z;;] = 0. Since
x;;’s are independent subgaussian variables, Z;;’s are independent subexponential variables. We
can bound || Z;; ||y, < nl|[Wwy|z|Blvs|ls = ndist(B*, B*). Using the centering property (see
Exercise 2.7.10 of |Vershynin| (2018))) and Bernstein’s inequality (see Theorem 2.8.1 of |Vershynin
(2018)) of the zero mean subexponential variables, we can bound, for every ¢ > 0

m2n2r? mnt )

T 126112, maxemy 1251,

Lo
Pr{ =S Z:| > <9 —cmi
r{|mz il >nt} < exp< cmln{Z

j=1
2

— 2exp (—cmin{— 1T 55
— P UM dist(B, BY))? dist (B, BY)

where ¢ > 0 is an absolute constant. Use the union bound over N?, set 62 < /Elogn/vm
and set 7 = dist(B?, B*)§(?). We show that Condition is satisfied with parameter §(2) with
probability at least 1 — exp(—c'k log n) for some constant ¢’

E.3 PROOF OF LEMMA[C.4

Denote Q! = BtV B*V*Tiand recall that V; . € R¥ denotes the ith row of the matrix V.
For simplicity, denote W = £ > . (A;;, Q") A;; V'™ and note that B, [W] = Q' V'L,

i=1,j=1

We use an e-net argument to establish the desired property on the set of vectors a € R% b €
R* ||la|]| = ||b]] = 1. Let S*~! and S?~! be the spheres in the k-dimensional and d-dimensional
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Euclidean spaces and let NV}, and \V; be the 1/4-net of cardinality 9¥ and 9¢ respectively (see Corol-
lary 4.2.13 in|Vershynin! (2018))). Note that

(AQY), A(ab" VT T)) = aTWb. 61)
Moreover, according to Exercise 4.4.3 in|Vershynin| (2018), we have

sup O,T(W o Qtvt+1)b < 2 sup aT(W o QtVtH)b.
acSd-1 pesk—1 a€Ng,beN;

In the following, we prove that the quantity on the RHS is bounded by 6(®) s?kdist(B*, B*)/2 so
that we have the desired result. We first bound ||Q*e(") ||, and ||Vlt+ 1|5 as they will be used in our
concentration argument.

Bound |V;""!||,. Using Lemma we can write V't = V*B*" Bt — F* and therefore

Vf“ = BtTB*V:: — F}.. Using Assumption we have ||V [z < uN'ksy /+/n. Further, we
can compute that

—1

1 1

F! = (_BtTmijw;;Bt) (_B”mijmjj(BtBtT - Id)B*> Vi (62)
! m m !

Using the variational formulation of the spectral norm and Conditions and (note that (1) =
2) 3:o t o )
5 = \/klogn//m), we have || F! ||, < 6@ dist(B',B") ’“/\/%"'. Therefore we obtain

1—-6D)
IV 2 < 2uvksi/v/n. (63)

The high probability upper bound of w! in Lemma can be derived from the above inequality by
noting that wj = \/nV’..

Bound ||Qte||5. Recall the definition of Q* = B*V*+1" — B*V*T_ Using Lemma we
obtain

Qt — Bt(v*B*TBt _ Ft)T _ B*V*T — (BtBtT _ Id)B*V* _ BtFtT. (64)
We can bound Qe < [(B'B! " — L) B*[allv}ll2 + | FL|l» < 2dist(B', B*)uv/Es/ /.

Denote Z;; = n(x;;Q'e™)(x;ab” V') and note that L 3" | B, [Z;;] = nb Vi Qta.
Since x;;’s are independent subgaussian variables, Z;;’s are independent subexponential variables.
We can bound || Zy;||y, < n[|Q'e™|2]lab” Vi |2 < 4kp?sidist(B?, B*). Using the centering
property (see Exercise 2.7.10 of [Vershynin| (2018))) and Bernstein’s inequality (see Theorem 2.8.1 of
Vershynin| (2018))) of the zero mean subexponential variables, we can bound, for every ¢ > 0

1 n,m
Pr{l— Y Z;—a' (QV"b>1}
nm . ~
i=1,7=1
<9 . { m2n?r? mnTt
<2exp | —cmin{ ;7 ,
S o 1235113, maxien) jepm (1 Zij v
9 . { mnr2 mnTt }
= Z€X —Cc1min
P (4kp2s2dist(Bt, B*))?2’ dkp2s2dist(B, BY)

Set 7 = 63 s2kdist (B!, B*). We have that when §(3) = 4(/&-vklogn)

mnk?
1 n,m
Pr{|% Z Zij—a (Q'V b > 7} <exp(—c(d + klogn)). (65)
i=1,j=1

Use the union bound over ANy x Ny, we have that with probability at least 1 — exp(—c”klogn)

Condition|C.4|holds with 6 = {/Z/FToEm),
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F ANALYSIS OF THE INITIALIZATION PROCEDURE

In this section, we present the privacy and utility guarantees of the INITIALIZATION procedure
(Algorithm [3), when the local data points x;; are Gaussian variables. Recall that to establish the
utility guarantee for CENTAUR in the LRL setting, a column orthonormal initialization B® € R4*¥
such that the initial error dist(BY, B*) < ¢y = 0.2 is required. While such a requirement can be
ensured by the private power method (PPM, presented in Algorithm [5), the utility guarantee only
holds with a constant probability, e.g. 0.99.

A key contribution of our work is to propose a cross-validation type scheme to boost the success
probability of PPM to 1 — O(n~F) with a small extra cost of O(klogn). Note that boosting the
success probability has a small cost of utility and hence we need a higher target accuracy €; = 0.0
for PPM compared to ¢g = 0.2. The most important novelty of our selection scheme is that it
only takes as input the results of O(klogn) independent PPM runs, which hence can be treated as
post-processing and is free of privacy leakage.

F.1 UTILITY AND PRIVACY GUARANTEES OF THE PPM PROCEDURE

In this section, we present the guarantees for the PPM procedure, under the additional assumption
that «;; are Gaussian variables. One can prove that the choice of (y described in Lemma is a
high probability upper bound of || Y;!|| ¢ (see Lemmain the appendix). Therefore, with the same
high probability, the clipping operation in the Gaussian mechanism will not take effect.
Conditioned on the above event (clipping takes no effect), to establish the utility guarantee of Algo-
rithm [5] we view PPM|[Hardt & Price] (2014) as a specific instance of the perturbed power method
presented in Algorithm[6] Suppose that the level of perturbation is sufficiently small, we can exploit
the analysis from (Hardt & Price}, |2014) to prove the following lemma.

Lemma F.1 (Utility Guarantee of a Single PPM Trial). Consider the LRL setting. Suppose that
Assumptions5.2)and[5. 1| hold and @;; are Gaussian variables. Let ¢; = 0.01 be the target accuracy.

For PPM presented in Algorithm set (o = cpu’k'®s2d*% logn - (viogn + Vk), L = ¢ (s? +

Z§=1 s?) /s2 -log(kd/e;). Suppose that n is sufficiently large so that there exists g such that

T og®d - k3.2 Sk g2
mn ZC,1d log®d -k 2,u 21:151. 66)

log® mn S

Choose a noise multiplier oo = ns: /chCok+/dlog L. We have with probability at least 0.99, we
have dist(B°, B*) < ¢;.

Remark F.1. If we focus on the dependence on the problem dimension d and the number clients
n, treat other quantities, e.g. the rank k, as constant, and ignore the logarithmic terms, we have
m > ©(d/n), which is the same as the requirement on m in Lemma|C.3]

The following RDP guarantee of PPM can be established using the Gaussian mechanism of RDP and
the RDP composition lemma.

Lemma F.2 (Privacy Guarantee). Consider PPM presented in Algorithm[3] Set inputs L, the number
of communication rounds, o, the noise multiplier according to LemmalF.1| We have that PPMis an
(«, €,,:4)-RDP mechanism with

) ~inat
, oL - (chloky/dlog L)?

o
n?s} n2

) (67)

init
where O hides the constants and the log terms and we treat (s34 Z?:l s?) /s2 = O(k).

F.2 BOOST THE SUCCESS PROBABILITY WITH CROSS-VALIDATION

The following lemma shows that if the output of PPM has utility at least ¢;, e.g. €¢; = 0.01, with
probability p, e.g. p = 0.99, then any candidate that passes the test (68) has utility no less than €,
e.g. €g = 0.2, with a high probability (1 — ). The proof is provided in Appendix

>The choice of ¢; should satisfy equation €; = 0.01 is one valid example.
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Algorithm 5 PPM: Private Power Method (Adapted from |Hardt & Price|(2014))

1: procedure PPM(L, o, (o, Mo)

2 Choose X € R%** to be a random column orthonormal matrix;

3 for/ =1to Ldo

4 fori =1tondo

5: Sample without replacement a subset Sé’o from S; with cardinality 1.
6 Denote M} = L ZjeSﬁ"’ Y.

7 Compute Y;! := M/ X'~L.

8 Let X! = QR(Y"), where Y! = GM¢, o, (Vi 11 y)-

9 /I QR (-) denotes the QR decomposition and only returns the ) matrix.

Algorithm 6 NPM: Noisy Power Method (Adapted from |[Hardt & Price] (2014))

1: procedure NPM(A, L)
2: /I A is the target matrix
Choose X € R4** to be a random column orthonormal matrix;
for/ =1to Ldo
Let X! = QR(Y!), where Y! = AX'~! + G'.
// G* is some perturbation matrix.
/I QR (-) denotes the QR decomposition and only returns the ) matrix.

A

Lemma F.3. Use ¢ to denote the accuracy required by CENTAUR in the LRL setting and use ¢;
to denote the accuracy of a single PPM trial. Recall that p = 0.99 is the probability of success of
PPM. Use By . to denote the output of PPMin the ™ trial and set Ty = 8plog 1/6 in the procedure
INITIALIZATION (Algorithm[3)). We have with probability at least 1 — 0 that there exists one element
¢in{l,...,To} such that for at least half of c € {1,...,Tp},

si(Bg Bo:) > 1 — 22, Vi € [k]. (68)
Moreover, By ; must satisfy dist(Byg ¢, B*) < €y with a sufficiently small €; € [0, 1] such that

V1-@+1—1/1—+e<1-26 (69)

One valid example is €; = 0.01 and €y = 0.2, which is the one chosen in our previous discussions.
Corollary F.1. Consider the INITIALIZATION procedure presented in Algorithm[3| By setting Ty =
cirklogn, €; = 0.01, and setting Lo, o¢ and (o according to Lemma we have with probability
at least 1 — n~F, the output By satisfies dist(Bgz, B*) < €y = 0.2. Moreover, the INITIALIZATION
procedure is an (o, €5t )-RDP mechanism with
21.8 4 72
~ ak“k®ptd
€init = €inig - To = 0(7; ‘

(70)

n
The idea of boosting the success probability is inspired by Algorithm 5 of (Liang et al., 2014). The
major improvement of our approach is that given the outputs of O(klogn) PPM trials, it no long
requires access to the dataset and hence can be treated as postprocessing, while (Liang et al., 2014)
requires an extra data-dependent SVD operation which violates the purpose of DP protection in the
first place.

G GUARANTEES FOR THE PPM PROCEDURE

In this section, we present the analysis to establish the guarantees for the PPM procedure. We first
show that the choice of (y described in Lemma [F.1|is a high probability upper bound of ||Y}|| .
Therefore, with the same high probability, the clipping operation in the Gaussian mechanism will
not take effect.

Lemma G.1. Consider the LRL setting. Under the assumptions[5.2)and we have with a proba-
bility at least 1 — 3mn 100,

1Y |7 < Co=conk?sj (log ) (Viog n + Vd) (v/log n + Vk)
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where Yil is computed in line E]of Algorithmand co is some universal constant.

Proof. The detailed expression of Y} in line[7|of Algorithm can be calculated as follows:

1
Y/ =M/X"" ==Y ylaz X (71)
m
jesh?

Using the triangle inequality of the matrix norm,  is a high probability upper bound of ||Y}!|| ¢ if
the following inequality holds with a high probability,

lyfaise; X e = lyis e |l X < Go. (72)
To bound |y;;|2, recall that in Assumption we assume that x;; is a sub-Gaussian random vector
with |||, = 1. Using the definition of a sub-Gaussian random vector, we have

P{lyi;| > 7} < 2exp(—c,*/|w}||*) < exp(~100logn), (73)

with the choice 7 = pv/ksy, - 1/(100logn + log 2)/c, since ||wf|j2 < puvksy. Here ¢, is some
constant and we recall that s, is a shorthand for s (W* /\/n).

To bound ||z;;]|, recall that x;; is a sub-Gaussian random vector with ||z;;||,, = 1 and therefore

with probability at least 1 — 9,
1
(e g4\/&+2,/1og5. (74)

Therefore by taking § = exp(—1001logn), we have that 4v/d + 2, /log % = 4v/d + 2+/100logn =
G-

To bound [|; X~ ||, note that due to the rotational invariance of the Gaussian random vector @;;
(recall that X (S is an column orthonormal matrix), the £ norm ||:B X !1|| is distributed like the
{5 norm of a Gaussian random vector drawn from A(0, Iy,). Therefore, w.p. at least 1 — n=100,

], X7 < e(VE + logn)=¢

Using the union bound and the fact that , C,§C < (o leads to the conclusion. O

Conditioned on the above event (clipping takes no effect), to establish the utility guarantee of
Algonthm Bl we view PPM as a specific instance of the n01sy power method (NPM) presented
in Algorithm [6] Hardt & Price| (2014), where the target matrix is A = (2I' + trace(I')I;) with

I = B*V*TV*B* " and the perturbation matrix G! = P! + P} is the sum of the noise matrix

added by the Gaussian mechanism, P} = UOCD W, and the error matrix P} = (M! — A)X'~L.
One can easily check that with these choices, "We recover line [8]of Algorithm 3]

Yi—AX'"' + G =M'X" 4 ”OCO ZMIXZ s UOCO 2wl (75)

Suppose that the level of perturbation is sufficiently small, we can exploit the following analysis of
NPM from (Hardt & Price, |2014).

Theorem G.1 (Adapted from Corollary 1.1 of Hardt & Price| (2014)). Consider the noisy power
method (NPM) presented in Algorithm|6| Let U € RY¥F represent the top-k eigenvectors of the
input matrix A € R4?, Suppose that the perturbation matrix G' satisfies for alll € {1,... L}

_c
TV kd

Sfor some fixed parameter T and € < 1/2. Then with all but 1/7 + e~ D probability, there exists

an L = O(#M log(kdr /€)) so that after L steps we have that ||(I — X, X )U| < e

Here C' > 0 is a constant defined in Lemmal|l.3]

BIG| < e(s1(A) = s611(A)), 5|UT G| < (s1(A) = sp41(A)) (76)
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To prove that the perturbation matrix G! satisfies the conditions required by the above theorem, we
bound M'! — A and 22 W individually, both with high probabilities.

Proof of LemmalF1] Recall that A = 2I" + trace(I")I, and note that rank(I') = k and that its
singular values are s?,.. ., s2. Therefore s;(A) = 2s? + ZJ 1 ? fori < kands;(A) = Z?:l s?
fori > k.

In this proof, we will show that for both matrices P{ = (M' — A)X'~! and P} = 22 W/ the
following inequalities hold for all / € {1, ..., L}, which is a sufficient condition for Lemma|G.1|to
hold
C
101 P! < e(5k(A) — 5511 (A)), 10[UT P < (s(A) — i1 (A)—e.  (77)
T™Vkd

Control terms related to P{. 1. We first bound || P}||. By the independence between M' and
X'=1 we have that

E[(M' -A)X"'=E[M'-A] - E[X"']=0.
To bound the norm term E [[|(M' — A)X'~!||], we begin by controlling the norms of Z; -
X'~1, where ij = yszcmmg By the proof for Lemma with a probability at
least 1 — &, we have that [|Z%, - X'~!|| < O ((\/&Hog 1/8) - (VE + log1/4) - Hw;"||2) <
@) ((\/ﬁ +1log1/8) - (Vk + log 1/(5);;%5%) since ||w}|| < pvksy. We then compute an upper
bound on the matrix variance term
IE[(Z5 X" T 25X < E [yiglleg P (25X ) T X ] (78)
||(Xl 1)TE [%]H:BUHQ‘,BZ] ]Xl 1” (79
Due to isotropy of the Gaussian, by (Tripuraneni et al., 2021, Lemma 5), we have that

E[ylea:”Hzm”mT]f||w*\|4 ((2d + 75)ere] + (3d + 15)1,) (80)

)

By plugging equation [80]into equation [79] we prove the following inequality.
IE[(z,,x'")TzL x| < ||wf||4 (2d+75)(X" ) Tere) - X'+ (3d+15)I;) (81)

o

7

< O(d|lwi[|*) < O(du’ksi Y s7) (82)
i=1

By combining both the norm bound and the matrix variance bound and using the modified Bernstein
matrix inequality (Tripuraneni et al.| 2021, Lemma 31), we have

dMQkSk: Zz 1 ’L v p,2k5k

[(M' — A) XY < log® mn -log®d - O (83)
mn mn

2. We then proceed to bound the term |[UTP}|| = |[UT(M' — A)X'~!||. By using proof

of Lemma we first bound the norms of HUTZl XY < O((Vk + log1/8)(VE +

log 1/0)u?ks?), where Zf = yZ S Ti T ” We then compute an upper bound on the matrix vari-
ance term.

IE[(UT Z; X" U Z]; X' 1]H IE [y (U Ty, XY TU Ty i X (84)

= (X" TE [y |U 2y |*aije ;] X' (85)

= [(X)TE |(w; "B @) U 2y Pz ]| X7 (36)

= (XTE |(w; U @) U @y Py X 87
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where the last equality is because by definition, we have B* = U. We now perform variable trans-
formation and denote v;; = V' "x;; where V' = [U,U’] is an orthogonal matrix that is extended
based on U. Therefore, we equivalently write the above equation [87]to the following inequality.

IE[U"z,x'"")TUTz, x| (88)

(2

<(VTXHTE | [w ' (vy[L),---olk) T Z”w Jvigvs | VXU (89)

where v;;[a] means the a-th coordinate of the k-dimensional vector v;;, which is also distributed
as Gaussian. Due to the isotropy of the Gaussian it suffices to compute the expectation assuming
w} « ||w;||e; where e; = (1,0,---,0) . Then following the proof for (Tripuraneni et al., 2021}
Lemma 5), by combinatorics, we have the following equation.

]E[(w;k—r(vij [1]3 T 77]1] Z UU 'Uzj ] (90)

= [|w}|['E | (v;5[1 va Jijv; | = O(|lw][|'k) o1
Therefore, by plugging the above equation into equation |89} we prove the following inequality.
k
IE[(UTZ; X" ) TUTZ,X || < Ok|lwi|*) < O(kp*ksi Y s?) (92)
i=1

By combining both the norm bound and the above matrix variance bound and using the matrix
Bernstein inequality (Tripuraneni et al., 2021, Lemma 31), we have

k2,252 Sk o2 21242
|UT (M — A)X'7Y| < log® mn -log®d - O K S’;ﬂ%lzlsl + “mnsk . 93)

Therefore, to ensure that equation [77]holds, it suffices to use /mn sufficiently large such that

du’2k8k Zz 1 z v :LLQkSk

log® mn -log®d - O < e(sk(A) = sk1(A)) 94)
mn mn
. ; K222 0% 82 p2k2s? c
loe® 7 - loe® d - k 2i=15i k| < A) A))
og”mn -log°d- O o + < (sk(A) = sy ))Tm (95)

2.2
For simplicity, assume that 1/ % ké’;ﬂ Xni =1% mﬁ’:nk"’" and ¢, > 1/7v/kd. The above inequali-
ties can be simplified as follows, with c; being some constant.
mn d-long-l~63-,uQ-Zf,lsl2

>c = . 96
log®mn — ! s3 (56)

Control terms related to P). Recall that P} ~ N(0,02)?*, with 0 = 0((y/n. Using Lemma
I1.2| we have with probability 1 — 2e~%:

* max;e(r] HP2I|| < CNU(\/EH— VP + V/In(2L + x));
» maxer) U Pi|| < Cyo(2y/p+ /In(2L + z)).

Consequently, we can obtain bound the terms related to P by setting o sufficiently small such that
the following inequalities hold with x = 100logn

10Cno(Vd+ VE + VInR2L + 7)) < €q57, 10Cno(2VE + V/In(2L + ) < s3/(7Vdk).
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To simplify the above inequalities, suppose that €, is a constant and neglect the log log terms. We
obtain

c200C0 s2

n = rkvVdylogL’

o7
for some constant cs.

Having established equationfor both P} and P}, we can then use Lemmato obtain the target
result.

O

H PROOF OF LEMMA [E3]

Proof. In the following, we first show that 1. the index ¢ exists with a high probability and we
then show that 2. any candidate B that passes the test equation [68] has utility no less than b, i.e.
dist(B;z, B*) <b.

Existence of ¢  Suppose that both B,., and B, are successful, i.e. dist(B,,, B*) < afori = 1,2
or equivalently smin(BcTiB*) > /1—a2 fori = 1,2. Recall that B*B*' + BiBiT = I,.
Compute that
Smin (Bch BCQ)
— swin (B, (B'B"" + B1B.")B.,)
> Smin(B. B*B* " B.,) — smax(B. B B} ' B,,)
> Sinin (Bl B*)smin(B* ' Be,) = Smax(B) B )smax(BY ' B,,) > 1—2d%. (98)

1
Define the binomial random variable X. = 1B, issuccesstu- We have that E[X.] =
P{B. is successful} > p.

Using the concentration of the binomial random variable, we have

To
P} " X. < Ty EB[X,] -t} < exp(—t*/(2Top))- (99)
c=1

Therefore, with the choice t = T/2 and Ty > 8plog 1/§, we have with probability at least 1 — 4,
at least half of the outputs of T independent NPM runs are successful. Consequently, there exists at
least T /2 pairs of B,, and B,, such that Eq. equationholds, which shows the existence of ¢.

Utility of B:  We now show that the candidate B; that passes the test Eq. equation [68 must satisfy
dist(Bg, B*) < b. We prove via contradiction. Suppose that there exists a candidate B that passes
the test, but with dist(B, B*) > b. This means that there exists # € R¥ and § € R* with ||Z||> =

l|l9]l2 = 1 achieving the minimum singular value of BT B*, such that (Bz, B*3) < /1 — b2.

Let B; be a successful candidate, i.e. dist(B;, B*) < a (note that with a high probability they are
in the majority according to the discussion above). We have

Smin(BTBi) = Smin(BT (B*B*—r + BiBiT> Bz) S Smin(BTB*B*TBi) + Smax(BTBIBITBi)-

For the second term, we have smax(BTBIBITBi) < Smax(BTBY) ~smaX(BITBi) <1l-a<a.
To bound the first term, recall the variational formulation of the minimum singular value sy, (A) =
minum“:”yuzl CCTAy and hence

smin(B' B*'B*'B;) <@ ' B'B*B*'B;j=i' B' B*j+ &' B' B*(j — B*' B;))

<V1-02+2"B"B*(§—B* ' Bj)) <V1—-02+ |I, - B* " Bi|a < V1 -0 +1— /1 — a2
where we recall the definitions of & and ¢ in the above paragraph. Combining the above bounds, we
obtain sy, (BT B;) < v/1—02 +1 — /1 —a? + a which is strictly smaller than 1 — 2a? for a
sufficiently small a and a sufficiently large b, e.g. a = 0.01 and b = 0.2 . To put it in other words,
we obtain that B will fail test (68)). This leads to a contradiction and hence we have proved that any
candidate that passes the test (68) must satisfy dist(B;z, B*) < b. O
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I PRELIMINARY ON MATRIX CONCENTRATION INEQUALITIES

Lemma I.1 (Theorem 4.4.5 in Vershynin|(2018). Let G1,...,Gr ~ N(0,02)%*", There exists a

constant Cns such that with probability at least 1 — e~ 7%,

}H?L)](HGJH < Cyo(vn+Vd+ /In(2L + z)). (100)
€
Lemma L2 (Lemma A.2 of Hardt & Price|(2014)). Let U € RY%P be a matrix with orthonormal
columns. Let G1,...,Gr ~ N(0,0%)4*P with 0 < p < d. There exists a constant Cyr such that
with probability at least 1 — e 7,
{n[aL)]cﬂUTGZH < Cno(2y/p+ vIn(2L + x)). (101)
€

Lemma 1.3 (Minimum Singular Value of a Square Gaussian Matrix (Theorem 1.2 of Rudelson &
Vershynin| (2008))). Let A € R**k be a Gaussian random matrix, i.e. A~ N(0,1). Then, for
every € > 0, we have

Pr{smin(A) < ek™1/2} < Ce + ¢F, (102)

where C' > 0 and ¢ € (0, 1) are absolute constants.

J AN ELABORATED DISCUSSION ON THE UTILITY-PRIVACY TRADEOFF IN
COROLLARY[53.1]

Consider the result stated in Corollary [5.1}

* Suppose that the left hand side ¢;xk'-%u2d/n is fixed, then for a target accuracy ¢,, we
cannot establish the theoretical guarantee that CENTAUR achieves the accuracy €, within

a DP budget of €4, < W (this is natural since a smaller DP budget €4, requires
a larger noise multiplier o, which jeopardizes the convergence analysis of CENTAUR).
However, we need to emphasize that, we are not ruling out the possibility that such a DP
budget €4, is achieved, since the privacy guarantee that we are establishing is just an upper

bound. Hence we are not establishing a lower bound.

* Now suppose that all factors other than the number of clients n is fixed. Corollary 5.1

= 1.5 2 .
implies that for an n that is sufficiently large, i.e. n > W, we can establish the
a €dp

guarantee that the output of CENTAUR achieves an ¢, utility within an ¢4, budget. This
interpretation also allows us to understand the benefit of having a better dependence on d:
A better dependence on d means that a smaller n is sufficient to achieve the same utility-
privacy guarantee.

K DISCUSSION ON THE REQUIRED ASSUMPTIONS

In this section, we show that the requirements we made in Assumption [5.1]to[5.3] are similar to the
assumptions made in (Collins et al., [2021) and (Jain et al., 2021).

Discussion on Assumption [5.1) We note that our Assumption [5.1]is the same as Assumption 1 in
(Collins et al., 2021, and is similar to point (i) of Assumption 4.1 in (Jain et al.,|2021) where x;; is
assumed to be exactly Gaussian.

Discussion on Assumption [5.2] We note that our Assumption[5.2]is the same as the definition of the
incoherence parameter 4 in (Jain et al., 2021) (the parameter A therein is equivalent to o7 in our
paper), and is similar to Assumption 3 in (Collins et al., 2021) where the incoherence parameter j
as well as o, is assumed to be 1.

Discussion on Assumption [5.3]We focus on the dependence on the parameters d and n while treat-
ing log terms and the other parameters like the rank % and the incoherence parameter x4 as constants.
In this case, Assumptioncan be simplified as m = 2(d/n). We note that, under this setting our
Assumption @] is the same as the requirement (12) in (Collins et al.,[2021)) and Lemma 4.6 in (Jain
et al., 2021). The equivalence to the requirement (12) in (Collins et al., 2021) is straight forward.
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To see the equivalence to Lemma 4.6 in (Jain et al., 2021)), note that in order for the convergence
analysis of the main procedure to hold, the initializer U™t in (Jain et al.l 2021) should satisfy
|U U™ = O(1). To achieve this, the R.H.S. of Lemma 4.6 in (Jain et al., 2021) should be
bounded by a constant, which means that m = Q(d/n).
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