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Abstract

Federated optimization, an emerging paradigm
that finds wide applications, e.g., federated learn-
ing, enables multiple clients (e.g., edge devices)
to collaboratively optimize a global function by
sharing their local gradients. However, the gra-
dient information is not available in many appli-
cations, giving rise to the paradigm of federated
zeroth-order optimization (ZOO). Existing fed-
erated ZOO algorithms typically suffer from the
limitations of query and communication round
inefficiency, which can be attributed to (a) their re-
liance on a substantial number of function queries
for gradient estimation and (b) the significant dis-
parity between their realized local updates and the
intended global updates caused by client hetero-
geneity. To this end, we (a) introduce trajectory-
informed gradient surrogates which are capable
of using the history of function queries during
optimization for accurate and query-efficient gra-
dient estimation, and (b) develop the technique
of adaptive gradient correction using these sur-
rogates to mitigate the aforementioned disparity.
With these, we propose the federated zeroth-order
optimization using gradient surrogates (FZooS)
algorithm for query- and communication round-
efficient heterogeneous federated ZOO, which is
supported by our theoretical analyses and exten-
sive experiments.

1. Introduction

Because of the growing computational power of edge de-
vices and increasing privacy concerns, recent years have wit-
nessed a surging interest in federated optimization, which
finds real-world applications including federated learn-
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ing [1]. Particularly, federated optimization allows clients
(e.g., edge devices) to retain their local datasets but share
their locally computed gradients for optimization. Unfor-
tunately, in many important applications of federated opti-
mization including federated black-box adversarial attack
[2], gradient information is not available. This gives rise to
the paradigm of federated zeroth-order optimization (ZOO)
where the global function to be optimized is an aggregation
of the local functions on various clients and those local func-
tions are only accessible via function queries. To tackle this
problem, existing algorithms [2] follow the framework of
applying finite difference (FD) for local gradient estimation
and resorting to federated first-order optimization (FOO)
algorithms for optimization. Nevertheless, these algorithms
usually suffer from both query and communication round
inefficiency for local and global functions that are not only
expensive-to-evaluate but also heterogeneous. This im-
pedes their practical applicability, especially in scenarios
with restricted query times and communication rounds.
However, to the best of our knowledge, little attention has
been dedicated to developing both query- and communi-
cation round-efficient heterogeneous federated ZOO algo-
rithms in the literature (related work in Appx. A).

To address this problem, it is imperative to first identify
the challenges faced by existing federated ZOO algorithms
which will be responsible for their query and communica-
tion round inefficiency in practice. Federated ZOO typically
requires multiple communication rounds for central server
aggregation; between consecutive communication rounds,
every client performs several iterations of local updates
using their estimated gradients that are usually approxi-
mated via additional function queries based on FD. We first
show that the query inefficiency of existing federated ZOO
algorithms arises from their employment of FD for local
gradient estimation, which often requires an excessive num-
ber of additional function queries. Thus, addressing the
challenge of query efficiency in federated ZOO calls for a
gradient estimation method that requires minimal (ideally
zero) additional function queries. We further show that the
communication round inefficiency of these existing algo-
rithms results from the disparity between their realized local
updates and the intended global updates, which is typically
caused by client heterogeneity. As a consequence, resolving
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the challenge of communication round efficiency requires
developing a high-quality gradient correction technique to
mitigate such a disparity.

So, we propose the federated zeroth-order optimization us-
ing gradient surrogates (FZ00S) algorithm to address the
aforementioned challenges, leading to a query- and com-
munication round-efficient heterogeneous federated ZOO
algorithm. Firstly, we introduce the recent derived Gaus-
sian process from [3] that only requires the optimization
trajectory (i.e., the history of function queries) for gradient
estimation, as the local gradient surrogates for the clients,
thereby realizing query-efficient gradient estimation in fed-
erated ZOO (Sec. 3.1). Secondly, based on these local gra-
dient surrogates, we apply random Fourier features (RFF)
approximation [4] to produce a transferable global gradient
surrogate without the necessity of transferring raw obser-
vations, which can be an accurate estimate of the gradient
of the global function (Sec. 3.2.1). Using these surrogates,
we develop the technique of adaptive gradient correction
using adaptive gradient correction vector and length to help
mitigate the disparity between our local updates and the
intended global updates, and consequently to improve the
communication round efficiency of heterogeneous federated
Z0O0 (Sec. 3.2.2). We verify that FZooS has addressed the
aforementioned challenges using both theoretical analyses
(Sec. 4) and empirical experiments (Sec. 5).

2. Preliminaries

In the federated zeroth-order optimization (ZOO) setting [2],
we aim to minimize a global function ¥ on x € X', which

is the arithmetic average of NV local functions { f1,--- , fn }
on N different clients without sharing these local functions:
min F(z) = 3icpy fol@) /N - (1)

A central server is typically introduced to periodically ag-
gregate the updated inputs sent from the clients after their
several iterations of local optimization. Of note, in this
federated ZOO setting, the gradients of the local functions
are either not accessible or too computationally expensive
to obtain. Consequently, the gradients can not be directly
employed for optimization, which is our main difference
from the standard federated first-order optimization (FOO)
setting [5]-[7]. Instead, given an input x € X, agent i is
only allowed to observe a noisy output y;(x) = f;(z) + ¢
of the local function f;, in which ¢ ~ N (0, o). Moreover,
we focus on federated ZOO with heterogeneous clients, i.e.,
the local functions {f;} ¥, differ from the global function
F. Besides, we adopt a common assumption on { f;}}¥ ,:
We assume that every local function f; is sampled from
a Gaussian process (GP), i.e., f; ~ GP(u(-),k(-,-)) [3].
We summarize the framework to solve the heterogeneous
federated ZOO problem and identify the challenges faced
by existing algorithms in Appx. B.

3. FZo00S Algorithm

We hence propose our federated zeroth-order optimization
using gradient surrogates (FZ0ooS) algorithm (see Algo. 2 in
Appendix) to improve the query and communication round
efficiency of existing federated ZOO algorithms.

3.1. Trajectory-Informed Gradient Estimation

Of note, we assumed that f; ~ GP(u(-), k(-,+)), Vi € [N]
(Sec. 2). Then, in iteration ¢ of communication round
r (Algo. 2), conditioned on the optimization trajectory
DY)y 2 (@, )} DT of client i,! Vf; fol-
lows a derived posterior Gaussian Process [3]:

Vi~ P (V0.0 (o) ) @

where the mean function V,ugfzfl(-) and the covariance
function d(c{?)_,)?(-,-) are defined in (8) from Appx. C.1.

We propose to make use of the posterior mean Vugfz_l (x)
(8) as the local gradient surrogate for client ¢ since it is a
prediction of the gradient V f;(x), and 5(07@7 D3(x) &
d(oli)_1)*(, x) provides a principled uncertainty measure
for this gradient surrogate [3]. Of note, our gradient sur-
rogate only requires the optimization trajectory (i.e., the
history of function queries D§f2_1 till iteration ¢ — 1 of
round ) and thus eliminates the need for additional queries
required by the FD methods adopted by existing federated
Z0O0 (Appx. B.2). This therefore leads to more query-
efficient gradient estimations in federated ZOO. Moreover,
the aforementioned uncertainty measure can theoretically
guarantee the quality of our gradient estimation, and provide
theoretical support for our technique of using active queries
to further improve the local gradient estimations (Sec. 4).

3.2. Gradient Correction
3.2.1. GLOBAL GRADIENT SURROGATE

Note that our local gradient surrogates from Sec. 3.1 can
produce not only query-efficient but also accurate gradient
estimations [3]. So, these local surrogates can be used to
construct an accurate global gradient surrogate, which then
satisfies requirement (A) for communication round-efficient
federated ZOO from Appx. B.2: accurate local and global
gradient surrogates. However, due to the non-parametric
nature of Gaussian processes, (2) cannot be transferred to
the server without sending the raw observations. To this end,
we introduce the idea of random Fourier features (RFF)
approximation from [4] to approximate the mean of (2)
and then transfer this approximated mean to server for the
construction of high-quality global gradient surrogate.

We firstly approximate the mean of (2) on each client to
ease its transfer between the clients and the server. If k(-, -)

'We slightly abuse notation and use (w@, yf)) to denote a
historical query till iteration ¢ — 1 of round 7.
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is assumed to be shift-invariant, it can be approximated by
a finite number of random features [4]. That is, we have
that k(z, ') =~ ¢(x) " ¢(x') where pre-defined function ¢ :
R? = RM produces M random features and its parameters
are shared across all clients and the server (Appx. D). By
incorporating this approximation into (8), the local gradient
surrogates on each client ¢ at the end of every round 7 (i.e.,
Vu( } )) can then be approximated as

_ . 1
Viilp(@) £ V@) @l (R +0%1) 3yl O
where V¢(x) is an M x d-dimensional matrix, <I>(1}

[p(=)]7Z

[p(al) T (;S(a:(l))]if, 1 is an 7T x 7T- dimensional ma-

. . ] A
trix. Define an M-dimensional column vector wﬁ,’)p =
)

<I>(i%~ IA((Z} +021)~ y§ )., (3) can therefore be rewritten as
Vil i (x) = Vo(x w( ") (line 8 of Algo. 2). So, each
client only needs to calculate and send the M -dimensional
vector wff% to the server for constructing the global gradient
surrogate (line 9 of Algo. 2).

—, isan M xrT-dimensional matrix, and K(Z) =

After receiving {w(").}).| from all clients, the server can
construct the global gradient surrogate at the end of every
round r by averaging these local gradient surrogates via

Zv

To transfer this global gradient surrogate to all clients, \&@
only need to send w, £ 4 Zszl wﬁz} back (lines 10-11 of
Algo. 2). Importantly, after receiving w,. from the server,
each client can calculate the global gradient surrogate at any
input in the domain. Although this global gradient surrogate
incurs an additional transmission of M -dimensional vectors
compared with existing federated ZOO algorithms (Algo. 1),
it enjoys the advantage of achieving an improved gradient
correction with theoretical guarantees (Sec. 4), which is
essential for addressing federated ZOO with heterogeneous
clients (Appx. B.2) and shall outweigh its drawback of in-
creased transmission burden especially when query- and
communication round efficiency are crucial. Besides, this
communication burden also occurs in [8]. To further boost
the quality of this surrogate, we can actively query in the
neighborhood of the updated input x,- on every client (line
7 of Algo. 2) as supported in Sec. 4.

Viir(z) =
1€E[N]

3.2.2. ADAPTIVE GRADIENT CORRECTION

By using our aforementioned high-quality local and global
gradient surrogates, we then develop the technique of adap-
tive gradient correction to meet requirement (B) for com-
munication round-efficient federated ZOO from Appx. B.2.
Specifically, thanks to the ability of our gradient surrogates
to estimate the gradient at any input in the domain, we can
letz' = a” = x{’)_, in (6) to realize a more accurate gra-
dient correction vector during optimization. Moreover, we

) =Vole) (5 3 w').

propose to employ an adaptive gradient correction length
vr,t—1 (shared across all clients) to better trade off the utiliza-
tion of our gradient correction vector during optimization.
That is, for every iteration ¢ of round r, we propose to use
the following g(lg 1 on each client for its local update:

g7t 1 —Vﬂ,t 1(z %—1)"'

Yrit—1 (vﬂr 1(z 51)5 ) - Vﬂr Lr(@, (2) 1)) ,

_ )
(i.e., line 6 of Algo. 2) where Vﬁfle 7 is the local gradient
surrogate of client ¢ with RFF approximation at the end
of round r — 1 from (3), Vii,_1 is our global gradient
surrogate from (4), and -, ;1 is a theoretically inspired
adaptive gradient correction length which we will discuss
in Sec. 4. Of note, the advantage of this adaptive gradient
correction can be theoretically justified (Sec. 4).

4. Theoretical Analysis

In this section, we present our theoretical analysis on the gra-
dient disparity (defined as Z(i) £ H?jﬁ’ —VFE(@{)_ )
of our local gradient update (5). The convergence analy-
sis of our FZ00S (Algo. 2) is in Appx. C.2. We assume
that &+ SN ||V fi(z) — VF(z)|> < G forany z € X,
which is a common assumption in the analysis of feder-
ated optimization [7]. Here a larger G indicates a larger
degree of client heterogeneity. We derive an upper bound
on the gradient disparity of our (5) in Thm. 1 below (proof
in Appx. E.2).

Theorem 1. Define p 2 L S°N p; in which p; 2
MaXgex r>1,6>1 H@(th H/H (aﬁlt 1) 93)” then
P, pﬁ[ﬁ, 1]. With constant w>0, e = O(3;), © =
4wrpr=DTH=1 Q) £ 8ukp"=DT 4 8N, and B = 4G,
the following holds with constant probability

1 (i
N Z :457% < ®+772‘,t—1 X ®+ (1 - ’YT,t—l)Q X @ .
1€E[N]
Corollary 1. Thm. I implies a better-performing choice of
Vrt—1, L€, Yrp—1 = g

In the upper bound of Thm. 1, term (D represents the error of
estimating {V f;(-)}2,; using our local gradient surrogates
in Sec. 3.1, and term Q) characterizes the disparity between
our gradient correction vector in (5) and its corresponding
ground truth {VF(-) — V£i(-)}X,. The € within term @
denotes the RFF approximation error for our global gradient
surrogate in Sec. 3.2.1 and € decreases with a larger num-
ber M of random features. Term B3 results from the client
heterogeneity in federated ZOO. Compared with the gradi-
ent disparity of existing algorithms (provided in Appx. F),
Thm. 1 shows that our (5) enjoys a number of major advan-
tages: (a) Our (5) is more query-efficient since it does not
require any additional function query for gradient estima-
tion, in contrast to existing algorithms which incur O(NQ)
additional function queries in every iteration. (b) The esti-

GH+2wrp(r—DT L2 Ne"
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mation error in our (5) (i.e., terms (D and ) can be expo-
nentially decreasing when p < 1 and € is small, whereas
other existing algorithms only achieve a reduction rate of
O(1/Q), which implies that our gradient estimation is sig-
nificantly more accurate. Of note, p; < 1 is likely to be
satisfied as justified in [3] and more importantly, p < 1
is even easier to be realized as it only needs one of the
clients to satisfy p; < 1. (¢) Our (5) mitigates the dispar-
ity caused by the fixed gradient correction vector adopted
by existing works, i.e., in contrast to FedProx and SCAF-
FOLD, our Thm. 1 does not contain an additional disparity
term of Zf\il qu(f,)‘_l —x,_1||%. (d) Our (5) can trade off
between the impacts of our gradient correction vector and
client heterogeneity, and can consequently further improve
the gradient estimation when y,. ;1 is chosen intelligently
while accounting for this trade-off. Specifically, the upper
bound in Thm. 1 has characterized such a trade-off: When
the estimation error of our gradient correction vector (i.e.,
term Q) is relatively small compared with the client hetero-
geneity (i.e., term ), a large y;_; is preferred to reduce
the impact of client heterogeneity and hence to achieve a
small gradient disparity. Furthermore, this also implies a
theoretically better choice of 7y, ;_; in our Cor. 1 (refer to
Appx. E.3 for a more practical choice of v, ¢—1).

5. Experiments

In this section, we demonstrate that our FZ0oS outperforms
existing federated ZOO algorithms using synthetic experi-
ments (Sec. 5.1), as well as real-world experiments on fed-
erated black-box adversarial attack (Sec. 5.2). More results
can be found in Appx. H.

5.1. Synthetic Experiments

We firstly employ federated synthetic functions to illustrate
the superiority of our proposed FZooS over a number of
existing federated ZOO baselines such as FedZO, FedProx,
and SCAFFOLD in the federated ZOO setting (see Appx. F
for their specific forms) in Fig. 1. We refer to Appx. G.1
for the details of these synthetic functions and the experi-
mental setting applied here. It shows that our FZooS con-
siderably outperforms the other baselines in terms of both
communication round and query efficiency, which can be
attributed to the superiority of our (5). When C'is increased,
a larger number of communication rounds and total queries
are required to achieve the same convergence error, which
empirically verifies our Thm. C.1.

5.2. Federated Black-Box Adversarial Attack

Following the practice of [2], we then examine the advan-
tages of our FZooS in the task of federated black-box ad-
versarial attack. Here we aim to find a small perturbation
x to be added to an input image z such that the perturbed
image z + x will be wrongly classified by the majority of
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Figure 1. Comparison of the communication round and query effi-
ciency on synthetic function with varying heterogeneity (controlled
by C' > 0), where a larger C' implies larger heterogeneity.
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Figure 2. Comparison of the success rate in federated black-box
adversarial attack on CIFAR-10 under varying heterogeneity (con-
trolled by P € [0, 1], a larger P implies smaller heterogeneity).

the private ML models on various clients through only the
function queries of these models (refer to Appx. G.2 for
more details). Remarkably, Fig. 2 shows that our FZooS
again achieves consistently improved communication round
efficiency over the other baselines under varying client het-
erogeneity. Thanks to this improved communication round
efficiency and the ability of (5) to avoid a large number of
additional function queries in every communication round,
FZo00S also achieves a substantial improvement in query
efficiency. Overall, these results support the superiority
of FZ00S over the other existing approaches in real-world
federated ZOO problems in terms of both communication
round and query efficiency.

6. Conclusion

We introduce FZ00S to address the challenges of query and
communication round inefficiency faced by existing feder-
ated ZOO algorithms in the presence of client heterogeneity.
We use both theoretical justifications and empirical demon-
strations to show that FZoo0S is indeed able to address these
challenges and achieve considerably improved query and
communication round efficiency over the existing baselines.



Heterogeneous Federated Zeroth-Order Optimization using Gradient Surrogates

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

B. McMahan, E. Moore, D. Ramage, S. Hampson, and
B. A.y Arcas, “Communication-efficient learning of deep
networks from decentralized data,” in Proc. AISTATS, 2017.
W. Fang, Z. Yu, Y. Jiang, Y. Shi, C. N. Jones, and Y. Zhou,
“Communication-efficient stochastic zeroth-order optimiza-
tion for federated learning,” IEEE Trans. Signal Process.,
vol. 70, pp. 5058-5073, 2022.

Y. Shu, Z. Dai, W. Sng, A. Verma, P. Jaillet, and B. K. H.
Low, “Zeroth-order optimization with trajectory-informed
derivative estimation,” in Proc. ICLR, 2023.

A. Rahimi and B. Recht, “Random features for large-scale
kernel machines,” in Proc. NeurIPS, 2007.

J. Kone¢ny, B. McMahan, and D. Ramage, ‘“Federated op-
timization: Distributed optimization beyond the datacenter,”
arXiv:1511.03575, 2015.

J. Wang, Z. Charles, Z. Xu, et al., “A field guide to feder-
ated optimization,” arXiv:2107.06917, 2021.

S. J. Reddi, Z. Charles, M. Zaheer, et al., “Adaptive feder-
ated optimization,” in Proc. ICLR, 2021.

S. P. Karimireddy, S. Kale, M. Mohri, S. J. Reddi, S. U.
Stich, and A. T. Suresh, “SCAFFOLD: Stochastic con-
trolled averaging for federated learning,” in Proc. ICML,
2020.

T. Li, A. K. Sahu, A. Talwalkar, and V. Smith, “Feder-
ated learning: Challenges, methods, and future directions,”
IEEE Signal Process. Mag., vol. 37, no. 3, pp. 50-60, 2020.
P. Kairouz, H. B. McMahan, B. Avent, et al., “Advances
and open problems in federated learning,” Found. Trends
Mach. Learn., vol. 14, no. 1-2, pp. 1-210, 2021.

B. McMahan, E. Moore, D. Ramage, S. Hampson, and
B. A.y Arcas, “Communication-efficient learning of deep
networks from decentralized data,” in Proc. AISTATS, 2017.
J. Wang, V. Tantia, N. Ballas, and M. G. Rabbat, “SlowMo:
Improving communication-efficient distributed SGD with
slow momentum,” in Proc. ICLR, 2020.

H. Yuan and T. Ma, “Federated accelerated stochastic gra-
dient descent,” in Proc. NeurlPS, 2020.

J. Jin, J. Ren, Y. Zhou, L. Lyu, J. Liu, and D. Dou, “Ac-
celerated federated learning with decoupled adaptive opti-
mization,” in Proc. ICML, 2022.

M. Al-Shedivat, J. Gillenwater, E. P. Xing, and A. Ros-
tamizadeh, “Federated learning via posterior averaging: A
new perspective and practical algorithms,” in Proc. ICLR,
2021.

T. Li, A. K. Sahu, M. Zaheer, M. Sanjabi, A. Talwalkar,
and V. Smith, “Federated optimization in heterogeneous
networks,” in Proc. ICML, 2020.

T. Li, A. K. Sahu, M. Zaheer, M. Sanjabi, A. Talwalkar,
and V. Smith, “Feddane: A federated newton-type method,”
in ACSSC, IEEE, 2019, pp. 1227-1231.

S. P. Karimireddy, M. Jaggi, S. Kale, et al., “Mime: Mim-
icking centralized stochastic algorithms in federated learn-
ing,” arXiv:2008.03606, 2020.

R. Johnson and T. Zhang, “Accelerating stochastic gradi-
ent descent using predictive variance reduction,” in Proc.
NeurIPS, 2013.

Y. E. Nesterov and V. G. Spokoiny, “Random gradient-free
minimization of convex functions,” Found. Comput. Math.,
vol. 17, no. 2, pp. 527-566, 2017.

(21]

(22]

(23]

(24]

[25]

[26]

S. Cheng, G. Wu, and J. Zhu, “On the convergence of
prior-guided zeroth-order optimization algorithms,” in Proc.
NeurIPS, 2021.

A. S. Berahas, L. Cao, K. Choromanski, and K. Scheinberg,
“A theoretical and empirical comparison of gradient approx-
imations in derivative-free optimization,” Found. Comput.
Math., vol. 22, no. 2, pp. 507-560, 2022.

N. J. Harvey, C. Liaw, Y. Plan, and S. Randhawa, “Tight
analyses for non-smooth stochastic gradient descent,” in
Proc. COLT, 2019.

Z. Liu, T. D. Nguyen, T. H. Nguyen, A. Ene, and H. L.
Nguyen, “High probability convergence of stochastic gra-
dient methods,” arXiv:2302.14843, 2023.

B. Laurent and P. Massart, “Adaptive estimation of a
quadratic functional by model selection,” Annals of Statis-
tics, pp- 1302-1338, 2000.

D. Dua and C. Graft, UCI machine learning repository,
2017. [Online]. Available: http: //archive.ics.
uci.edu/ml.


http://archive.ics.uci.edu/ml
http://archive.ics.uci.edu/ml

Heterogeneous Federated Zeroth-Order Optimization using Gradient Surrogates

A. Related Work

Federated Learning and Federated First-Order Optimization. Federated learning (FL) has become a paradigm of
applying multiple edge devices (i.e., clients) to collaboratively train a global model without sharing the private data on these
edge devices [1]. We refer to the surveys [9], [10] for more comprehensive reviews of FL. Such a paradigm then gives rise
to recent interest in federated optimization or more precisely federated first-order optimization (FOO) [6] to broaden its
real-world application. Since the first federated FOO algorithm Fed Avg proposed in [11], a number of techniques have been
developed to further improve its performance in different aspects, e.g., federated FOO with momentum [12] and adaptive
learning rates [7], [13], [14] for convergence speedup, federated FOO with local posterior sampling for de-biased client
updates [15], and federated FOO with regularized functions [16], [17] and control variates [8], [18] for the challenge of
heterogeneous clients, in which the global function to be optimized differs from the local functions on clients.

Federated Zeroth-Order Optimization. Despite the success of federated FOO algorithms, some important applications,
e.g., federated black-box adversarial attack in [2], suggests the development of federated zeroth-order (ZOO) algorithms for
the federated optimization where gradient information is not available. Nevertheless, very limited efforts have been devoted
to the development of federated zeroth-order (ZOO) algorithms especially when the clients are heterogeneous. To the best of
our knowledge, [2] is the first to consider federated ZOO, in which they simply combine Fed Avg with existing FD methods
as their FedZO algorithm. Similar to the Fed Avg algorithm in federated FOO, the FedZO algorithm also likely performs
poorly in the heterogeneous setting. This thus encourages the design of federated ZOO algorithms for heterogeneous
federated ZOO problems. Following the practice of FedZO, existing federated FOO algorithms for heterogeneous clients,
e.g., [8], [16], can be simply adapted to the corresponding federated ZOO algorithms for this kind of problem. However,
these algorithms shall be query- and communication round-inefficient in practice, which therefore raises the question of how
to improve query efficiency and the communication round efficiency of these algorithms. To answer this question, we first
identify the challenges of such an improvement and then develop a federated ZOO algorithm to overcome these challenges
in this paper.

B. Framework and Challenges for Heterogeneous Federated ZOO

Here we firstly summarize the framework to solve the federated ZOO problem (Appx. B.1), and then identify the challenges
which existing algorithms following this framework fail to address (Appx. B.2).

B.1. Optimization Framework

To solve (1), a general optimization framework is to estimate the gradients of { f;}¥, using only function queries and then
employ the standard federated FOO algorithms for the optimization, as in Algo. 1. Specifically, in round r, every client
performs T iterations of local gradient decent updates in parallel (line 2-5 of Algo. 1), in which fq\,(f}_l € R% denotes the
estimated gradient by client ¢ for the local update in iteration ¢ of round r. After that, each client sends its locally updated
input (V). to server (line 6 of Algo. 1). After receiving the updated inputs from all clients (i.e., {:c%w}f\;l), the server
aggregates them (e.g., via arithmetic average) to produce a globally updated input a,., and then sends it back to the clients

for the optimization in the next round (line 7-8 of Algo. 1).

The aforementioned "g\?(ft)_l used in the literature can be summarized into the following general form:

§£ft)_1 £ 7(3—1 + 75,22_1 (grfl(w/) - ggi—)l(w”)) (6)

where gﬁfgfl € R is an estimate of V fz(azsfgfl) and is usually obtained using the finite difference (FD) methods (refer to
Appx. B.2). In addition, the gradient correction vector g, _1(x') — g{?, (x'") € R? is usually obtained from the previous
round r — 1. This aims to make the resulting Aﬁf@fl better aligned with VF' (a:ﬁf%fl), such that the local update on each
client (i.e., line 5 of Algo. 1) can better approximate the intended global update along the direction of VF(a:ﬁf%fl) It
is especially important in the presence of client heterogeneity, i.e., {V f;}}, differ from V F'. Intuitively, to accomplish
this alignment, g, (') and g*) ; (") should be good estimates of VF(x{!)_,) and V f;(x{!)_, ), respectively, which we
theoretically justify in Appx. B.2. Of note, the form of g, _1 (') — g{?), (x"") for gradient correction usually aims to ensure
that the estimation biases from g, (z’) and g{ , (2”’) could cancel out [19]. Finally, ’yﬁf,?_l € [0, 1] denotes the gradient
correction length, which can be adjusted to trade off the utilization of the gradient correction vector (Appx. B.2).

Remarkably, (6) subsumes the forms of gradient updates employed in many existing federated ZOO algorithms, and hence
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Algorithm 1: General Framework for Federated ZOO
Input: Initial o, rounds R, learning rate 7, iterations 7' for each round, number of clients N
for each round r € [R] do
// Client-Side Update
for each client i € [N]in parallel do

CL’&% — Typ_1

for each iteration t € [T] do

| 2l) —al) gl

Send a:gl)[ to receive x,. back
// Server-Side Update
T 4§ Die[n] Tr
Send x,- back to each client

Algorithm 2: FZooS
Input: Input of Algo. 1, length ~y, M features
for each round r € [R] do
// Client-Side Update
for each client i € [N] in parallel do
x% — ®,_1, Vi,_1 based on w,_;
for each iteration t € [T] do
Vu( #)_, conditioned on D( O
a:( ) — m(l) ng(g 1 W1th (®)]

r—

Send zcn} to receive x,., query around x,

Approx. Vp!?). via RFF to get wﬁ‘)r

Send w(’). to receive w, back

// Server-Side Update

R I G T A D g VIO
T™ N i€[N] Fr, T YN i€[N] %,

Send «x,- back first and then w,. to each client

Algo. 1 can reduce to the corresponding optimization algorithms (more details in Appx. F). E.g., when vﬁ ) 1 = 0 and g(i)

is obtained using FD, Algo 1 becomes the FedZO algorithm [2]; when 7{)_,=1, g,_1 (@) =5 Zl o1 g\, 1, and

@ (2" = & Zt 199, 1. (6) reduces to the gradient update in [8] and hence Algo. 1 becomes the SCAFFOLD (Type
1) algorithm in the federated ZOO setting; let the gradient correction vector g, (') — g{¥), (z”") in (6) be x?) N1~ Xy
Algo. 1 is then equivalent to FedProx [16] in the federated ZOO setting.

B.2. Existing Challenges

Existing federated ZOO algorithms aiming to solve the problem in Sec. 2 typically fail to address the challenges of query
efficiency and communication round efficiency, which we discuss in detail below.

Challenge of Query Efficiency. Similar to standard ZOO algorithms [20], [21], existing federated ZOO algorithms (e.g.,
[2]) also commonly apply the FD methods [22] for gradient estimation. Specifically, given a parameter A > 0 and directions
{uq}qul, the gradient of the function f; on client ¢ at  can be estimated as

q€(Q]

That is, for existing federated ZOO algorithms, gﬁfg_l = A0 (z(}) '/_1) in (6). As implied in (7), ) additional function
queries are required for the gradient estimation at every local updated input 2(’ g 1- This therefore results in N7T'Q) x more
function queries than the standard federated FOO algorithms [8], [16] in every communication round, which is unsatisfying

7
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in practice especially when { f;} Y, are prohibitively costly to evaluate. So, tackling the challenge of query efficiency in
federated ZOO requires designing query-efficient gradient estimators.

Challenge of Communication Round Efficiency. When g gT ), =VF (az( 1) in (6), Algo. 1 is then able to attain the
convergence of centralized FOO algorithms, which is known to be better than the one in the federated setting [8]. Therefore,
intuitively, the convergence or the communication round efficiency (i.e., the number of communication rounds R required
to achieve an e convergence error) of Algo. 1 depends on the disparity between (6) and VF (:c,(}gfl) Define the gradient
disparity Z() £ ||g(*) | — VF(2{)_ )|, we propose the following Prop. B.1 (proof in Appx. E.1) to show the condition
for the best performlng (6) and thus to justify the challenge in communication round efficiency that existing federated ZOO
algorithms typically fail to address well.

Proposition B.1. Let g\, (z"") # g,_1(2'), the minimum of =) w.r.t v{{)_, is achieved when

r,t—

; i Do\ i i —2
Wi =20 2 (VR@ )~ 08) (9@ - g0 @) [gra@) - gy (@")

When (), =1, () = 0 iff we have g, 1 (') — g, (") = VF (i) ;) — g{®}_,

Prop. B.1 shows that to achieve a small gradient disparity, (1,2 1 should be adaptive w.r.t. the alignment between the
gradient correction vector g,_1(x') — g\, (x"") and the drift VF(acQ )= gﬁf)_ We have shown (Appx. E.1) that a
better alignment between the gradient correction vector and the drift leads to a smaller gradient disparity, Prop. B.1 further
shows that a zero gradient disparity (i.e., _5 ) = 0 forany r € [R],t € [T]) can be reached when these two are perfectly
aligned. To achieve such an alignment, i.e., to make g, _1(x’) = VF(:BH ) and g, (x") = g(g 1 hold more likely, it
requires not only (a) accurate gradient surrogates g,_; and g, (1) Y, to accurately represent VF' and V f;, respectively, but also
(b) adaptive =’, =" to avoid the discrepancy between :13( 2 ;and ', "

Consequently, resolving the challenge of communication round efficiency in federated ZOO mainly requires (A) accurate
local and global surrogates (i.e 9", and g,_,) for the gradient correction in (6), and (B) adaptive gradient correction
in (6) with both adaptive ', " and adaptive 7( i) _,. However, existing federated ZOO algorithms usually fail to address
them well: Firstly, these algorithms rely on the FD methods for gradient estimation, which usually lead to poor estimation
quality and consequently inaccurate gradient correction vectors in (6) when the query budget is very limited. Secondly,
although zc( b1 changes during local updates, existing algorithms typically rely on g,.—1, g( )1 evaluated at a fixed input
x,_1 = x' = " to estimate VF or VJ; (e.g., [8], [16]), leading to large discrepancies between w( ) _y and ', . Thirdly,
existing algorithms use a fixed gradient correction length (e.g., 7@71 = 01in [2] and ’77(4‘271 = 1in[8]), Wthh is likely to
result in misspecified gradient correction length.

C. More Details of FZoo0S

C.1. Exact Form of Derived Gaussian Process

)

Vﬂ(izq(f”) £ 3mkf~f271( ) (K(lz 1t U2I> yffzfl )
, _ | ®)
) (a£f2_1 (@, @) 2 0p0p k(m,a') — Dukl)_, ()7 (K“Q L+ 021) "ok ()

Both k() (x)" £ [k(z, )] T0 D+ and (y() )T £ O] 20D+~ are [T'(r — 1) + t — 1]-dimensional row

vectors, and Kg_l 2 [k(z), :c(z))]T (TT, ll)H Yisa [T(r — 1)+t —1] x [T(r — 1) + t — 1]-dimensional matrix.

C.2. Convergence Analysis

We prove the convergence of our FZooS (measured by the number of communication rounds to achieve e convergence error)
under different assumptions, in addition to assuming that F' is -smooth, X £ [0,1]%, and |f;(z)| < 1 for any = € X and
i € [N].

Theorem C.1. Define Dy 2 |z — x*||* and Dy 2 F(xo) — F(x*), to achieve an e convergence error for our FZ0oS
(Algo. 2) with a constant probability when p < 1, the number M of random features and the number R of communication
rounds need to satisfy the following,

(i) If F is strongly convex and n < ﬁ,M:(’)( )andR (’)( L In D" +In ‘F)

8
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(1) If F is convex and n < 1OBT’ M=0 ( ) and R =0 (nTG

+ f+¢m>
(iii) If F' is non-convex and n < 100ﬁT’ M=0 (L) and R = O (an + \F)

The proof is in Appx. E.5.> Thm. C.1 suggests that the learning rate 7 in FZooS should be proportionally reduced w.r.t.
the number 7" of local updates, which is in fact consistent with the results in federated FOO [8]. Thm. C.1 also shows that
when client heterogeneity (i.e., measured by () increases, both the number M of random features and the number R of
communication rounds in our FZ00S should be increased in order to achieve the same convergence error, which is also
empirically verified in our Sec. 5 and Appx. H. Moreover, Thm. C.1 has revealed that given a constant learning rate 7 that
satisfies the conditions in Thm. C.1 under various 7', a larger T" usually improves the communication round efficiency (i.e.,
R) of our FZ00S (see Appx. H). More importantly, compared with the convergence of other existing algorithms (provided
in Appx. F), FZ00S enjoys an improved communication round efficiency, which can be attributed to the advantages of our
(5) as discussed in Sec. 4 (see Appx. F for a detailed comparison).

D. Random Fourier Features

According to [4], the random Fourier features can usually be represented as a M-dimensional row vector ¢(x)' =
[\/% cos(vjx +b )} where every v; is independently randomly sampled from a distribution p(v) and every b; is
j=1

independently randomly sampled from the uniform distribution over [0, 27]. Particularly, for the squared exponential kernel
k(z,z’') = exp (— |z — 2|2 /(212)) in which [ is the length scale, p(v) = N(0, +I). In FZooS we typically adopt the

squared exponential kernel for the optimization. Importantly, before the start of our FZ0oS, {'vj 1 and {b, } ~ , need to
be sampled and shared across all clients as well as server (as mentioned in Sec. 3.2.1), which however will only happen once
for whole optimization process.

The poor convergence of our FZ0oS under convex F' (vs. the one under non-convex F') results from the drawback of the commonly
applied proof technique for convex F' rather than the algorithm itself. This has been widely recognized in the literature [23], [24].
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E. Theoretical Analyses
E.1. Proof of Proposition B.1

Based on the definition of ES’% in Appx. B.2, we have that
, ‘ 2
97(;2—1 - VF(mii_l)H

(i) (i) / () (o G |2
g1 90 (9-1@) — 92, @) - VP

&)
, A 2 , ‘ N ,
= 95?2_1—VF<mrf2_1>\\ ~20 ., (VFED) — i) (91@) -9 @) +
2 2
(40-) [grr@) = g2s @]
which is a quadratic function w.r.t. fyﬁt) 1- It is easy to show that when
(i) @ ' (i)
O o s (VP@_) =g ) (g--1() =g (@)
77" ’Yrt 1= (,L) ) (10)
l9r1(@) ~ g2, @)
ES% can achieve its global minimum w.r.t. fyf.fz_l as
(i) @ ' (i) ’
e Lo ey —e) (e -a@)|
=) = o), - vP@)| - PO . (an

This therefore finishes the proof of the fist-part result in Prop. B.1. Interestingly, (11) implies that given the '7522 11n (10), a

gr—1(x') — g, 21 (2")

better alignment between the gradient correction vector g,—1(x’) — gff) 1 (&) and the shift VF' (5'352271) gfft) 1 leads to a

smaller gradient disparity EE’Z

Given the 7512* | = Lin (10), when g, (') — g\, (&) = VF(:B@_I) - g,{fz_l, we can easily verify that Eg% in (10)
has H( 2 = 0. On the contrary, when Jlg = 0, we have that
(i) @ \' N0 (g
. oo |FEE —a) (ge) - aen)|
’ gr,t—l - VF(mr,t—l)H = ’

which implies that VF( b t 1) — g£f2_1 and g, (x') — g,(q )1( ") are linear dependent according to the Cauchy-Schwarz

inequality. Since 77(.72_1 = 1, we further have

G ; (12)
gr-1(a') — ;" (")

HVF(‘” D=9 1H—H971 CORYIRNCD (13)

These two results, i.e., (12) and (13) thus imply that VF(mff;%_l) - 952—1 = gr1(z') — gii_)l(w”), which therefore
concludes our proof.
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E.2. Proof of Theorem 1
E.2.1. GRADIENT ESTIMATION ERROR USING UNCERTAINTY

We introduce the following lemma that is adapted from [3] to bound the estimation error of our local gradient surrogates
using the uncertainty measure in our (8).

Lemma E.1. Let§ € (0,1) and w £ d + 2(v/d + 1)In(1/6). Forany & € X, i € [N], r > 1 and t > 1, the following
holds with probability of at least 1 — 6,

Vi@ - vaia)| < w o (2) " @)

)

E.2.2. RFF APPROXIMATION ERROR FOR GLOBAL GRADIENT SURROGATE

Lemma E.2 ([25]). Ifxy, - ,Xg are independent standard normal random variables, fory = Zk

i1 X7 and any €,

Py — k > 2Vke + 2¢) < exp(—e) .

Following the general idea in [4], we present the following Lemma E.3 to bound the difference of our approximated kernel
using random features and the ground truth kernel k, as well as the difference between their partial derivatives first. To ease
our presentation, we let the kernel & be defined by an infinite dimensional vector ¢ (), which is defined by the corresponding
infinite number of features for k, throughout this section. That is, k(x, ') = ¢ (x) "¢ (2’) for any =, ' € X.

Lemma E.3. Ler 6 € (0,1). Assume that E [||v||2} <V, forany x,x’ € X, the following holds with probability of at least
1-39,
p(x) " p(x) — (= )T¢( | < v8In(2/8)/M
IV (@) d(") — V() ()| < VAV/(M)

where M is the number of random Fourier features.

Proof. Recall that p(x) " (') = 1/M Z]J\i1 2cos(v] @ + b;) cos(v, @’ + b;) as shown in Appx. D. Then, according to
[4], for any j € [M],

E [2cos(v] @ + b;) cos(v] @' + b;)] = ¥ (x) "(z),
E [¢(z)" ¢(z)] = (z) y(z) .

Since 2 cos(v; @ + b;) cos(v, &' + b;) € [~2,2] and both {wy,--- ,vpr} and {by, - -, bas} are randomly independently
sampled, according to Hoeffding’s inequality, the following inequality holds for any ¢ > 0

(14)

2

P (|p(x) " d(a') —p(2) p(z')| =€) < 2exp (— M; ) : (15)

Choose § = 2 exp(Me?), the following holds with a probability of at least 1 — J,

6(a) dla!) — (o) wp(a)| < | 16)

Moreover, based on the interchangeability of derivative and expectation, we then have the following results derived from
(14)

E [—2sin(v] @ + b)) cos(v] &' + bj)v, | = Vep(x) ('), an
E[Vo(z) ¢(a)] = Vip(z) (') .
Since both {vy,- - ,vp} and {by, - ,bpr} are randomly independently sampled, we then can bound the variance

11
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E “‘V(ﬁ(w)Tgb(m’) — Vzﬁ(m)ﬂ/;(:c’)”z} as below

E[|[Vé(@) ¢(a) - V(@) %@

2

M
Wg % Z (-2 sin(v;r:c +b; )cos(v x' +bj)v; — Vip(z) "p(z ")
j=1
(b) 1 T + T INIE
Z |—2sin(v; @ + b;) cos(v] @’ + b;)v; — Vap(z) " p(2’) |
Jj=1
M
e) 1 .
(:)W (E [H—Qsm(v;m%—bj)cos(v;cc’—i—bj)ijQ} —E [||V¢(:c)T1p(a:’)||2D (18)
j=1
(d) M
< ]\;2 ZE [H—Qsm v; T +b; )cos('v '+ b;)v | }
© 4 I
<75 2Bl
j=1
(Hav
<
- M
where (b) is from the independence among {vy, - -- , vy} and {by, - - -, bps} for variance derivation and (c¢) is based on the

definition of variance. In addition, (e) is due to the fact that sin(v; @ + b;), cos(v] @' +b;) €

of the assumption that E [||UH2] <V.

[—1,1] and (f) is because

Therefore, according to Chebyshev’s inequality, we have the following inequalities for any € > 0

E[[Ve(2) ¢(') - Ver(@) (o

)]

P ([Vo(@)T ¢(2') - Vp(a) Top(a)| > €) < =

4V
Me?2 -~

IN

Choose € = 1/4V /(M ), the following holds for a probability of at least 1 — 4,

|Vo(@) o)~ Vo) (@) <\ 1rs

which finally completes the proof.

Lemma E4. Forany x,x’ € X and i € [N], assume that E [||v||2} <
the following holds with a constant probability for all v € [R),

|98 @)~ vulh@)| <0 (;) .

12
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Proof. Based on the definition in (8) and (3), we have that:
Vi (@) V()|

i (i -1 i i -1
i Vd)(w)T‘I)Ef,Ll (K( %ﬂ + 021) yi)T - V’(/J((E)T‘I’i’)T (K()T + (721) yfq)T

r7

< Vo) @l (RO +0%1) - Vop(a) ) (K +0%1) H‘y(;’
C 7 =(z -1 7 =(i -1 7 21
9|Vt @) (R +071)  — V@) el (R +021) | o] + b
@®
—1 1 .
Hw "o (RO +0%1) = V@) e (KO +o%1) | ol

where (b) and (c) are from the Cauchy—Schwarz inequality and the triangle inequality, respectively.

We bound term (), term 2) and ‘

yﬁl)T H above separately. Firstly, the following holds with probability of at least 1 — 7'’

oK ’ng( ) el (K +0%1) V() Tl (R + 1) 1H
¢ Hv¢ ) @l - vopla) e | || (R + 021)_1H
© |IT , L2 1 (22)
2 [voter el - vuta et || (R + o)
=1

Where (b) comes from the Cauchy—Schwarz inequality and (c) follows from the fact that for any matrix A with n rows
and each row identified as a; we have ||A|| < ||A|lr £ \/>_;_, ||a;]|?. Finally, (d) is due to the fact that K@T is positive

semi-definite and therefore IA(S)T + 021 = 021 as well as the results in Lemma E.3.

Secondly, the following holds with probability of at least 1 — r2T26",
o -1 . . -1
@2 ||\ Vep(a) @) (R +0%0) = Vap(a) @ (K +0%1) H

. o~ —1 1
v¢(m)ﬂ1r£f2,1” H (RO +0%1) = (K +01) H

c ~ —1 —1
D Typ(2) T, ‘H K -R) (R +0%1) (K +0%1) H
(d) 1 (23)
< ZHW’ )Tl H K - R ‘H (R +0%1) H H (K +0%1)
© L 0 (i) ON[&
< LT 5 [@)TwE?) - g@) @)
7,7'=1
) L(rT)*? [8In(2/8")
- ot M

where (b) is from the Cauchy—Schwarz inequality. Besides, (c¢) and (e) come from the aforementioned inequality || A|| <

13
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| Al|r. In addition, (f) is based on the assumption that || V1) (x) x| < Fs K(ZT + 0%l = o*I and

KU) + 021 = o2L

Thirdly, the following holds with probability of at least 1 — r7'6"”,

rT
i) || (@)
o] 2\ D i) + ¢
T=1
(b rT
< oD 2fF(m,) +2¢2
T=1 24)
(¢) rT C 2
2rT + 202 2z
< rl + 20 ;(0>

d)
< \/QTT + 202 (rT +24/rTIn(1/6") + 2 ln(l/é”’))

where ¢, denote the observation noise associated with the input .. Besides, (c) is from the assumption that ¢; ~ N(0, o?)
for any 7 in Sec. 2 and | f;(x)| < 1 for any & € X. Finally, (d) comes from our Lemma E.2.

By introducing (22), (23) and (24) with §' = 3rT’ 0" = 2T2 and 0" = &% into (21), the following then holds with
probability of at least 1 — 4,

Hv'urT H

r r 3/2 n(6r
< <02 324‘; + AL( af ! <6J\/?/6)> \/QTT + 202 (’I“T +2y/rT In(3rT/0) + 21n(37‘T/5)> 25)
rT\/ﬁ In(rT)
VM \/M '

Of note, it is easy to show that when (25) holds for » = R, it must hold for any » < R. Therefore, the following finally
holds with a constant probability for all 7 € [R],

i 2 1
Vi @) - Vulh @) <o (M> , (26)
which concludes our proof. O

Remark. Note that the assumption E {Hvﬂﬂ < V implies that the distribution p(v) in Appx. D has a bounded mean and

covariance since E {Hvﬂz} = |E[]|]> +E Nv —E [v] ||2} . This is usually valid for the widely applied kernels (e.g., the

squared exponential kernel in Appx. D) in practice.

Remarkably, (25) with » = R has demonstrated that a larger number M of random features is preferred to maintain the

approximation quality of Vﬁ%)T(a)) R Vp%?T when the number R of communication rounds and the number 7" of local
iterations increase. This in fact aligns with the intuition that a larger hypothesis space (defined by the M random features)
should be used when the target function (defined by the existing R7T function queries) becomes more complex. However,

for any communication round r 4+ 1 € [R] in our FZ00S, the approximation of Vuffgﬂ using Vﬁ%q(m) needs to be accurate

only at the local updated inputs {w§217t_1}t6[T],ie[ ~1 with a relatively small T' (i.e., T' < 20), which consequently usually
does not requires an extremely large M to realize a good approximation quality in practice. This has actually been supported
by the empirical results in our Sec. 5 and Appx. H.

E.2.3. FINAL GRADIENT DISPARITY ANALYSIS USING UNCERTAINTY

We introduce the following Lemma E.5 and Lemma E.6 from [3] to ease our proof of Thm. 1:

14
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Lemma E.5. Let {vy,...,v,} be any T vectors in R%. Then the following holds for any a > 0:
a 2 1 2
lvill ol < 5 llwsll™ + 5 llosll™ 27)
1
Jos 4oyl < A+ a) o+ (14 ) ol 28)

- 2
2_vi
i=1

<> uill® (29)
i=1

Proof. For (27), we have that

a 2, 1 2 a 2 1 2
ol + o ol 2 20/ ol o o7 = ol e (30)
For (28), we have that

2 1 2 2 2
(L+a) Joill* + {1+ = ) ol = Joal® + o) + (@ Joil* + = ||ij
a

2 2 2 1 2 (3D
2 [[oill™ + lloglI” + 24/ alloil|™ - — vy

2
= ||vi + vl

For (29), we can directly employ the convexity of function h(x) = ||z||* and Jensen’s inequality:

2
1 1 2
- I < = N 32
3 B (Y e
i=1 =1
By multiplying the inequality above with 72, we conclude the proof. O

2(o1) (@)

and that for any x € X,r > 1,t > 1 the following holds,
o(+) @

Let§ € (0,1), e = O(5;) and w = d + 2(Vd + 1) In(2N RT/§), the following inequalities then hold with a probability of
atleast 1 — §:

Lemma E.6. Define p; = MaXgex,r>1,6>1 , we have that p; € [1/(1 +1/0?), 1],

/

< kp;

(r=1)T+t

2
N
1 . i i
v 2 (VA (el ) - Vi)
J=1,j#i
(@ON —1 N R , 2
<S> |V @l ) - V@)
Jj=1,j#i
®»N -1 . i i 2
= 2 Hwﬁ”m(x“ D) =V @) + el @) — Vi) DH (33)
i=Li#i
ON -1 & N ; _ ; DEENIE
SNz > (N_ HWT (@) _y) = V(! 1)H +NHVM§J1T(SU(3_)—Wij_)l,T(wS,Z_l)H)
=1
Dy & 2 (N —-1)
< Z a(U£J)1,T) (w(,i_l) + N
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in which (a) is from (29) and (c) is from (28) with a = . In addition, (d) comes from Lemma E.1 and Lemma E 4.

g&:iﬁHvﬁzﬂi 1) - VﬁS1T@(20H2

(a)

) ) ) 2
= vaz rt 1) — V/J“r 1T(=’B( 27 )+VN£21T(5”£L1)_vﬁg)lT(w() 1)H

34)
®) (Nf 1)2 ) Do 2 (
< N2 ( N —1 HVfl(mfn )= v:u’r 1,7 a: t 1 H JrNHV/% 1T(m() )Vﬂfn)m(m(z 1)H )

2 (52 o ()" @0+ Be)

N
in which (c) is from (28) with a = 5. In addition, (d) comes from Lemma E.1 and Lemma E.4.

By exploiting the inequalities above, we have
N
1 — (%)
N Z :‘T t

N
(a R . . . 2
:NZHVM(}% 1( 1(~Zz 1)+%‘t 1(Vﬂr—l(mngl)7VN£Z)1T($(Z) 1)) - VF(x 7(}2 1)”
N

N
1 p 1 —~ i i
:N Vﬂg,z)fq(wg,) 1) — sz( rt 1)+ i1 Z ( N£])1 T "’3( ) 1) - ij(wi,gq)) +
i=1 j:l,j;éz
ri—1 (N —1 i) i i i 2

% (sz($5 1) — vﬂr 1 T( a! )—1)) + (1= Yrt-1) (Vfi($£,2—1) - VF(wf-,i_l))
©1 & - : i
SNZ HW?Z 1 (@ (Z) —1) = Vfi( 7(2 1 H +4’Yrt LN Z (vﬁy)l (T 5«11)5 ) - ij(mg:)sq)) +

i=1 j=1,5#i

492, (N —1)2 , N , 2
: 1N2 HVfi(wﬁle)*V £Z)1T (2 t 1 H +4(1 = yre-1) HVﬁ §1271)*VF(wfﬂf271)H

; 2 (N —1)?
6(07(]7)1,T> (335271)

i w (3) 2 W
28 o o) | (3 5

i=1j=1,j7i

N
4737“1 <N2 ; Ha <U£—)17T) (935-,2—1> + N ¢ +4(1 — v-1)°G
(35)
where (c) is from the (29). In addition, (d) is from Lemma E.1, (33) and (34).
By introducing the results in Lemma E.6 into (35), we have
Lo @ dw N yTre 1 2W(N —1) e~ (ronr  2(N —1)2
N;w«,t_ﬁizzlﬁpi + 41 Nz izzll‘fpi + N €
+4(1 = 304-1)°G
®) do & DT+t—1 2 (r—1)T (36)
’I" T— 2
< W; +492,_ 1<N;F&pi +2Ne>+4(1—%1) G

(e)
< dwrpr—DTH-L 4 4?2 -1 (2wf<ap(r AT 2N6) +4(1 —v.4-1)°G

where (c) is from Jansen’s inequality with p £ < Efil pi. This finally concludes our proof.
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Remark. Of note, the upper bound in our Thm. 1 is a quadratic function w.r.t. the gradient correction length 7y, ;1. As a
consequence, it is easy to verify that in order to minimize the upper bound in our Thm. 1 (i.e., to achieve a better-performing
(5)) w.r.t. ¥y ¢—1, Vr,t—1 Needs to be chosen as

G
G + 2wp(r=1T 4 2Ne ’

Yrit—1 = 37

as shown in our Cor. 1. This better-performing ~, ;1 therefore implies that (a) an adaptive 7, ;_; is indeed able to
theoretically reduce the gradient disparity, which therefore aligns with the conclusion from our Prop. B.1 and (b) when
the estimation error of our gradient correction vector (characterized by 2wp’™” + 2Ne) in (5) is smaller than the client
heterogeneity (characterized by (3), a large ;1 is suggested to be applied in order to minimize the gradient disparity

N = .
+ > :5 %, as shown in our Sec. 4.

By introducing this 7, ;1 into the upper bound in Thm. 1, we have

N

1 oy @ . _ —

T OB < dwrpt T pag?, (2“"ﬂp< DT+ QNG) +4(1 = 7,4-1)°G
=1

@ Awrpr=DTH=1 4 4G (2wrp" VT + 2Ne)
G+ (2wp(r=DT + 2Ne) (38)

(c)
< dwrpr— DT 4 2\/2G(w/fp(7"—1)T + Ne)

(d)
< dwrp DT L 9 2wkp—DTG + 2v/2NGe

where (c) is from the inequality of G' + 2wp("~DT 4+ 2Ne > 21/G(2wp—DT 4 2Ne) (i.e., the relationship between
the geometric mean and arithmetic mean of G' and 2wp(" =17 + 2Ne) and (d) is from the fact that (\/2wrp(r—1DTG +
V2NGe)? > 2wrp " DTG 4 2N Ge. Interestingly, (38) enjoys two major aspects. (@) In contrast to the algorithm where
rt—1 = 0 (e.g., FedZO), the impact of client heterogeneity (i.e., i) is able to be reduced in our FZooS through decreasing
the estimation error of our gradient surrogates (i.e., wrp"~7T) and the RFF approximation error (i.e., €) for our global
gradient surrogates. (b) In contrast to the federated ZOO algorithms where 7, ;1 = 1 (e.g., SCAFFOLD), the impact of
the large estimation error of our gradient surrogates (i.e., wrp("~17T) is also able to be mitigated in our FZooS through a
small client heterogeneity (i.e., G) in practice. As a result, these advantages will intuitively make our FZ00S produce more
robust optimization performance under different scenarios in practice, as supported by our Sec. 5 and Appx. H.
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E.3. Gradient Estimation Analysis Based on Euclidean Distance

Of note, for every iteration t of round r, our global gradient surrogate in Sec. 3.2.1 is obtained based on the optimization
trajectory Dr = {( ) f(rl Y and is not capable of being updated immediately although ¢ — 1 new function
queries are given at this t1me ThlS is because the update of our global gradient surrogate only occurs when clients and
server can communicate with each other, i.e., at the end of each round. Intuitively, this will result in the phenomenon that
the quality of our global gradient surrogate and hence the quality of our (5) decays w.r.t. the iterations of local updates,
as empirically supported in Appx. H.1. This is likely because the Euclidean distance between the input to be evaluated
in our global gradient surrogate and the queried inputs from the optimization trajectory becomes larger and consequently
the optimization trajectory becomes less informative. Unfortunately, such a quality decay within the local updates fails to
be captured in Thm. 1 and hence may result in an impractical choice of 7y, ;_; in Cor. 1. To this end, we develop another
uncertainty analysis of our global gradient surrogate that is based on Euclidean distance to capture such a phenomenon in
this section, which finally gives us a more practical choice of gradient correction length.

We first introduce the following lemma to ease our proof in this section.

Lemma E.7. For any matrix A, AT A and AAT share the same non-zero eigenvalues.

Proof. Let ) be any non-zero eigenvalue of AT A, for some = # 0, we have
ATAz =)z (39)
By multiplying A on both sides above, we have
AAT (Az) = )\ (Ax) , (40)

which implies that ) is also the eigenvalue of AA T with Ax being the eigenvector. Following the same proof, it is easy to
show that any non-zero eigenvalue of AA T remains the eigenvalue of AT A, which therefore concludes the proof. O

We then introduce another estimation error analysis (different from the one presented in Appx. E.2) of our global gradient

surrogate as follows where we slightly abuse the notation and use :c(T) € D(Z)T to denote that wg) is from the optimization

trajectory Di;

Proposition E.1. Let the shift-invariant kernel k(x, x') = k(||& — a'||*) where k() is assumed to be non-increasing and
function h(1) = 1Vk(1)? is assumed to be convex, the following then holds with a probability of at least 1 — § for any
xe X,

4wV k(i )?

|V () — VF ()|  k(0)d + 02d/(7"T)

where w = d +2(Vd + 1) In(1/6), 1, & = 21111 Zw(ﬁeD“} Hw - QI(T) , and k(0) = k(zx, x).

Proof. Recall that the uncertainty measure function (see (8)) of our local gradient surrogate on client ¢ for iteration 7" of
round r will be

N2 , ,
0 (oﬁf%) () = 0,0, k(z,2") — 3zk£f)T( )" (K( )+ o I) 8Z’k7(f)T(Z’)

(a) . -1 . .
<AL= (Anax (K +02) 02k (2) 0.k (2)

®)  0k(2) 0.k (2)]

< Al -

z=z'=x

(41)

z=z'=x

z=z'=x

m,z’Gfo)T k(z,z') + o2

rT max

where (a) is based on the assumption on 0,0, k(z, z') in our Sec. 2 and the definition of maximum eigenvalue. In addition,

(b) comes from )\rmx(K( ) r) < 7T max 2ep®) k(x,z') (i.e., the Gershgorin theorem).
r,T

Based on the assumption that k(x, z') = k(|| — «’||*) and k(-) is non-increasing, we have

max k(z,z’) < k(x,z) = k(0) .

m,m’EDifgf (42)

18



Heterogeneous Federated Zeroth-Order Optimization using Gradient Surrogates

?_ the partial derivative of kernel k(- -) will be

0.k(z,2") =2(z — 2')Vk(1)
O k(z,2") =2 (2 —2) Vk(1) .

A
Moreover, define ¢ = ||z — 2’

(43)

Therefore, the each element in the »7" x 7T matrix 0, kif)T(z)az/kif)T(z’ T

(:C(T ) a (Z)) with 2", S_Z,) € DT(,‘%F and 7,7’ € [rT] will be:

that is induced by the input pair

z=z'=x

4 (:1: — x(Ti))T (:n — m ) V(.0 ))Vk‘(L D) (44)

0!

y byr

where [\ 2 Hw—w(f)

02 k%"(z)az/kg;(z’f |._._, willbe

|

(1>

Based on these results, the trace norm |||,

k) (2)0. k()T Z4Hw —z,|? Vk(i,)’

z=z'=x
(45)
= Z 4, Vk(17)?
T=1
By further assuming that the function h(c) = tVk(¢)? is convex, we then have
i i (a) 1 i
oK@ 0G| 2 g 0k 0k
o 1 i
: \ k],
(46)

© 1 @)1, (02
= g;m,’ V()

(d ) )
> TLOVHOY

=

where (a) comes from the fact the maximum eigenvalue of a matrix is always larger or equal to its averaged eigenvalues
and (b) is based on Lemma E.7. In addition, (c) is obtained from (45) while (d) results from the definition of 9 2

TT Z Wepl), H T ‘ as well as the Jansen’s inequality for the convex function A(-).

Finally, by introducing the results above, i.e., (42) and (46), into (41), we have

] (%) (i)\2
Ha (o) @) Ly V) @7)

= T R(0)d + 02d/(rT)
Define ¢, £ ~ ZZ 1 L, , we then have

Vi () = VF ()|

(43)

(@1 Z B 4wl Vk(ngi))Q
kE(0)d + o2d/(rT)

@ 4w, Vk(1,)?

=TT R(0)d + 02d/(rT)
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where (b) is from the Cauchy-Schwarz inequality, (c) derives from Lemma E.1, and (d) results from the Jansen’s inequality
for convex function A(+). which finally concludes the proof. O

Remark. Of note, the assumption that k(x, ') = k(|| — 2'||*) where k(-) is non-increasing and function h(1) = (Vk(z)?
is convex can be satisfied by the widely applied squared exponential kernel k(x, ') = exp (— [l — ||2 / (212)>, which

has also been applied in our FZ00S. To justify the validity of these assumptions on the squared exponential kernel, we
first show that this kernel can be represented as k(1) = exp (—¢/(2(%)), which is non-increasing w.r.t. its input ¢, and
h(t) = vexp (—u/1?) /(41*) is convex when ¢ > 2I2.

Remarkably, Prop. E.1 reveals that the quality of the gradient estimation at an input € X when using our global gradient

surrogate without RFF approximation is highly related to the averaged Euclidean distance between « and , € vazl Dﬁl)T

(i.e., ¢, in Prop. E.1). Specifically, when the input  to be evaluated in our global gradient surrogate leads to a larger
value of . Vk(t,)?, the upper bound in our Prop. E.1 demonstrates that the gradient estimation error of our global
gradient surrogate tends to be more accurate. Note that when the kernel is the squared exponential kernel, we have that
h(t) = 1Vk()* = vexp (—¢/1%) /(41*) decreases w.r.t. . and that a smaller averaged Euclidean distance between x and

T, € Ufil fo)T likely enjoys a smaller gradient estimation error. This is intuitively aligned with the common practice that

T, € vazl Df,i)T is more informative when it achieves a smaller averaged Euclidean distance with . Intuitively, when the

iteration ¢ of local updates is increased, the input &, ;_; to be evaluated in our global gradient surrogate likely achieves a

larger distance with the history of function queries Uf\il ngp and consequently the quality of our global gradient surrogate

likely decays, which finally aligns with the phenomenon that we have mentioned at the beginning of this section.

More Practical Choice of v,.,_;. Finally, by introducing Prop. E.1 into the analysis in Appx. E.2, we achieve the
following better-performing choice of gradient correction length 7, ;_1:

Corollary E.1. Based on our Prop. E.1, a better-performing choice choice of 11 should be

G

4wir Vk(e,)? '
G+2 (W“ ~ Wodrerd ) T NG)

Yrit—1 =

Cor. E.1 implies that ;. ;—; should decay w.r.t the iteration ¢ of local updates if LTVk(LT)z decreases w.r.t. t. Particularly,
when k(z,x’) = exp (— | —a'||” /(2l2)) and ¢, Vk(u,)? decreases at a rate of O(1) for the iteration ¢ of local updates,

we then have that better-performing choice of 7, ;1 in Prop. E.1 has the form of vy, ;1 = ﬁ—cl/t for some constant
Cy > C7 > 0. Since we usually have no prior knowledge of client heterogeneity G as well as the constants Cy, C'y, we
commonly apply the approximated form of , ,_; = 1/¢, which will be widely applied in our experiments as shown in our

Appx. G.
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E.4. Convergence of Algo. 1

We first introduce the following lemmas that are inspired by the results in [8].

Lemma E.8. For any a-strongly convex and [3-smooth function f, and any x,y, z in the domain of f, we have
V@) (y—2) < fly) - f(z) —ally — 2] /4 + Bz — ||

Proof. Since f is both a-strongly convex and S-smooth, we have that

f(2)~ f(@) < Vi@)T (z—2)+ 5z~ x|

2 ) (49)
F) = f@) > V@) (y-a)+ 3 ly = .
Note that when o = 0, the inequalities above still hold. By aggregating the results above, we have
F(z) = fy) = f(z) = f(x) + f(z) - f(y)
<VI@) (2 a) + V@) (@ y)+ 5z al 2y af
8 a (50)

2
I

«
<VI@ (- + 5l —al’ = Fly— 2"+ 5 - 2

2 2
B+« «
= Vi@ -y + ez —al? - Sy - 2

where the second inequality comes from ||y — z||* /2 > a|jy — 2[|* /4 — a ||z — z||* /2 (triangle inequality). When
a > 0, since 3 > «, we have

J(z) = f@) < Vi@ (z=9)+8llz -2l - Tlly— =" . (51

By rearranging the inequality above, we can directly derive the result in Lemma E.8 with o« > 0. Even when o = 0, since
|z — x| > 0, we have

[(2)~ fw) < Vi@ (2 —9) + 5 1z~

(52)
<Vi@) (z—y)+ 8|z —=| .
By rearranging the inequality above, we show that the result in Lemma E.8 also holds for a = 0. O
Lemma E.9. For any S-smooth function f, inputs x,y in the domain of f, the following holds for any n > 0
l =0V f(2) =y +0V (> < (1 +n8)* |z -yl
Proof. Since f is S-smooth, we have
1
o~ nvs@) -y + v )l < (141 ) o~y + (14 )22 [97(@) - Vo)

(53)

1
< (142 s are) oyl
where the first inequality derives from Lemma E.5 and the second inequality comes from the smoothness of f. By choosing
a = 1/(nB), we conclude our proof. O

Remark. Lemma E.9 only requires the smoothness of function f. When f is both S-smooth and a-strongly convex (o > 0),
we will have a tighter bound as below when i < /32 (see proof below),

e —nV f(x) —y+nVIiy)l* <1 —na)le—yl?>, (54)

which can lead to a better convergence (by achieving a smaller constant term) compared with the inequality (62) we will
prove later. However, for simplicity and consistency under various assumptions on the function to be optimized, we only use
Lemma E.9 for the convergence analysis of our Thm. C.1 in the main paper.
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Proof. Based on the strong convexity of f, for any inputs @, y in the domain of f, we have

fy) = f@) = Vi@ (y—2)+ 5 ly -2,

. o , (55)
flx)— fly) >Vfly) (x—y)+ 5 ly — x| .
By summing up these inequalities, we have
(Vi) -Vi@) (y-=z)>aly—z|. (56)
Finally, we have
|z —nVf(x) -y +nV iyl
Dz —yl? +n* |Vf(@) — VI@)* — 20 (Vi) ~ Vi) (@ -y) )

®) 2 2 2
< llz —yl” + 0?6 & — ylI” — 2na ||z — y||

(©
= (1+7n26% — 2n0) ||= -y

where (b) comes from the smoothness of f and (56). Since o > 0, by introducing 7 < «/3? into (57), we can complete our
proof. O

Lemma E.10. Let f be 3-smooth and x* = argmin f(x), then for any input x in the domain of f, the following holds
2 *
IVf(@)|” <28 (f(@) — f(="))
Proof. Since f is B-smooth, we have the following inequality for any x, y in the domain of f

f() < f(@) + V@) (o) + 5yl 58)

By setting y = « — V f(x)/, we have

@) < fla— %Vf(fc))

1 1
< flx) + Vf(x)" (w—BVf(w)—:c)+§ w—BVf(:c)—w (59
= (@)~ o V(@)
= f(x 53 T .
We finally conclude our proof by rearranging the inequality above. [

We then bound the drift between :1:512 and x, for every iteration ¢ of any round r as below, which is the key difference
between the convergence of general federated ZOO and centralized optimization.

Lemma E.11. Assume that F is 3-smooth. Then the updated input wffz at any iterationt > 1 of round r > 1 on client i in
Algo. 1 has the following bounded drift with n < ﬁ%

where S & (T +1)2/(T(T — 1)).

m(i) —x
r+1,t r

2 t ,
<uPT Y STTEN, 4 22T |V (x|

T=1
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Proof. Since wfu)rl L= “%(31 1 77/9\7(21 +—1> we have the following inequalities when T" > 1

, 2
(@)
Tyi1— Tr

5’35’14)-1 t—1 77§£21,t—1 - Ty

(a) 2

®) ; R 2
’ miﬂ)rl =1 — 1V (x, 7”+1 1) TOVE () =@ 1) (VF(wa(«:)LLtﬂ) 97(21 t—1 VF(a:T)) H
(© T i 2
S T -1 ‘ :E7("+)1,t 1 UVF( r+1 t— 1) + UVF(wr) — T, (60)
27 | VF (2" P ORR oo (b
+1 (®pl140-1) = Grt1-1 (z)
(d T 2
ST—l‘ v("—s)-lt 1_77VF( 5«3—1t1)‘|‘77VF($r)—$r

27T ||[9F @) = 8|+ VPN

where (¢) and (d) come from the (28) in Lemma E.5 by setting a = 1/(T — 1) and a = 1, respectively. Since F' is S-smooth,
we can introduce Lemma E.9 into (60) to obtain the following result given the constant S £ (T + 1)2/(T(T — 1))

|

(i) 2

Lptr1,t — Lr

(%)“;;_Wfﬂ I [vaﬁl,to 30| +19F@ ]
2TZ< () ) HVF 2 ) - 8% +2PTIVF @) ||Z(l§@>
=0
ézn2Tz(TT;_11)_ [vF@ -8, || +2rTIvEe,) |IQZ((TT+1)1>> o
=0
(<)2n2TZSt | vRE, ) - gl 2272 |V E(a,)|?

ZTZ Sl L+ 22T [V F ()|

where (b) comes from the summation of geometric series and (c¢) is from the fact that n < 1/(8T). In addition, (d) results
from the definition of .S as well as the following results

> () <5 (77 5)

7=0 7=0

_(+ /@ -’ -1
(T+1)2/[1(T - 1)] -

3T+1) ((H 3T+1))T_1> 62)
3T+1 (exp<3T+1> 1>
£l

< 11T .
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Finally, (e) results from the definition of = T +1 .= ‘

2
Gr+1,t— 1—VF( T+1t l)H in our Appx. B.2.
O

We finally present the convergence of Algo. 1 in the following theorem for the general federated ZOO framework, which
then can be easily applied to prove the convergence of our FZ00S in Appx. E.5 and the convergence of existing federated
Z0O0 algorithms in Appx. F.

4 2
Theorem E.1. Define =\') 2 Y1 1‘ g)_ —VF(@@")_ 1)H S A (T +1)2/(I(T — 1)), and =* 2 arg min F().
Algo. I then has the following convergence when F' is under different assumptions:

(1—anT/4)5—"
SR (A—anT/4)F"

(i) When F is B-smooth and o-strongly convex, by defining p, = and choosing a constant learning

1
rate n < 10T

TR
min F(x,.) — F(x*) < 2aexp <— el ) o — z* |

re[R+1) 4
R N T t
t—r (i) 8(nT +1/a) _@)
333 (Dt s M=, ).

r=0i=1 t=1
(i1) When F is B-smooth and convex, by choosing a constant learning rate 1 < ﬁ,
. o < 2lzo—z7|* 15N UIR e

(iii) When F is only 3-smooth, by choosing a constant learning rate 1 < 100,8T’

13(F(2o) ~ F(a) 13 al (0.147 + 1/(28T)) _(
<
S IVE(@)| < WRT nRT Z N =

Rt ozn 5 -
Zst r+1 ‘r)

Proof. Recall that the global update on server in Algo. 1 is given as

Lo o _ 1y (i) () N SN ()
Try1 = N § :wr+1 = N § Z,’ =1 E 9ri14—1 ] = Tr — N § § r41,t—1 * (63)
i=1 ; i

t=1

1t=1

Therefore, we have

|z 1 — 27| =

? (64)

We then bound (D and Q) based on the different assumptions on F separately.
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Strongly Convex F. Since F'is S-smooth and a-strongly convex, we have

N T
®(ﬁ)2(as _er : ZZ(@@H:& 1 VF( 7+1t 1))+2(w*—$TT%ZZVF 7+1t 1)

=1 t=1 =1 t=1
N T
(b)

<2 —a > |

-/9\7(~1+1t 1 VF(mq(i)kl,tfl)H

N T
¢ . =i . anT . 65
< e —a,| SN VEY + MT[F(a*) - F(z,)] - 2= o, — 2| (65)

4773Tﬁ N T t 0 ,
t—7—=2 373
o 22 DS TE M TR |V F ()|

where () is from Lemma E.8 by setting y = «*, z = @, and * = 935271 in Lemma E.8. In addition, (¢) comes from

the definition of = T +1 = ‘

2
Griit—1 — VF( r+1 i1 H in our Appx. B.2 and Lemma E.11. Finally, (d) comes from the
following results

21] N T 217 N T -
vl =2 oY VELL = 50D et —adllyE,
i=1 t=1 i=1 t=1
n N T 4 }
<253 (Sl - e+ 229, ) (66)
i=1 t=1
N T
0“7T * 2 477 —(7
== et~ + —5 YOS ED

We then bound term Q) in (64) as below

" N T ]
TG

=1 t=1

2

oY

N T 2
Ui ~(7 %
N ZZ (97(~+)1,t71 —VF(x 7(u)r1 —1) + VF( r+1 —1) — VF(“’T)) +nTVF(z,)

2 .
gﬁ-&)-lt 1 VF( r+1t 1 H "'2HVF(“3£4)F1¢—1)_VF($T)

2

> + 67)
20°T? |V F(z,)|

N T

(d) 4n?T —(i 4772T5 : 2
SN B+ Z ’ T — || 27T [VE (=)
i=1 t=1 i=1 t=1
(0 & 8n*T%6% —r=(i) T _i 4rpd g2 22 2
§;;<N§S St Ty S |+ (80T 27T [V E )|

where (c) is obtained by applying Lemma E.5 multiple times and (d) is from the smoothness of F'. Besides, (e) comes from
our Lemma E.11 and the fact that n < 1/(8T).
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By combining (65) and (67), we have

%112
|[Tr+1 — x|
(a) anT N N
< (1 - Z) lor — 2|2 + 2T [F(*) - F(wp)]

+ 20272 (449> T? B2 + 220TB + 1) ||VF(:cR)||2

N
APTREITE + 1) = qrerm(i) An(T +1/a) _@)
P33 (I S sy g MO N
t=1

i=1 T=1

~

=
7 N\
—
|
Q
3
N

> R — x*||* + 29T (1 — 20T B (44n*T2B* + 220TB + 1)) [F(z*) — F(zr)] (68)

3 <4n3Tﬂ(2nTﬂ +1) Xt: gt—rz@ AT +1/e) @ )

N —r4+1,7 aN —r+1,t
t=1

R+1 R

o — *|? —I—Z (1_anT) H[F(z*) — F(z,)]

R—-r N T 3
anT APTHENTE +1) § g (T +1/a) @)
1) zz( Wt 5 e, M,

+
[]= =

«
Il
-

3
~

@(l_a

+ 1

[]= =

i=1 t=1

Il
<

T

where (b) is from Lemma E.10 and (c) is from H £ 2nT (1 — 2nT3 (44n*T?B% 4+ 22nT 3 + 1)) as well as the repeated
application of (b).

(1—anT/0)"
reo(1—anT /4=
Based on this and ||z — *||* > 0 for (68), we further have

Define p, £ Note that when choose the learning rate 7 that satisfies n < 15 ﬁT ,wehave H > 0.544nT.

<
T OHYE (1—anT/4)
R N t
1 7 b () An(nT +1/c) _5)
(c)
< Oz;?{T exp _anfR> o — :13*||2 (69)
R N T t
1 n? P An(nT + 1/a) _@)
SN NI (QN;S 20, + LY

R N T t _ ST+ 1/a)
S (s, ey, )

T=1

where (b) is from the rearrangement of (68) and the fact that n < 15 ﬁT Besides, (¢) comes from the inequality 1 — 2 <
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exp(—x) as well as the following results when R + 1 > 41n(3/4)/(anT)

i": <1 - omT)T 1 (11— anT/4)™!

— 4 1—(1—anT/4)
S 41 —exp(zanT(R+1)/4)] (70)
- anT
1
> .
— anT

Finally, (d) is due to the fact that H > 0.544 nT.
Convex F'.  When a = 0, following the derivation in (65), we have

()277

N T
O < e =1 DD VEL A+ T [Fa) - Fla,)] +440°T°8 || VF ()

N
®) 29Vd o~ /G .
< T WEL H T [Pt - F(x,)] + 40° T8 | V()|

i=1 t=1 (71)
4’[’]3T/8 N T t _T’_\(i)
N L2 > S TR,
1=1 t=1 =1

= T [F(z*) — F(x,)] +4° T38|V F (2,
& 4?73Tﬂ b (i) 277\@ =)
+ZZ ZS —r+1,7 T ‘:‘r+1,t

where the (b) comes from the diameter of X, i.e., ||z — 2’| < V/d for any =, 2’ € X = [0,1]%.

For term Q) in (64), similar to (67), we also have

¢

< 4T252 St T'—() 477 T'—'() ]8 4T4 2 ) 2T2 VF 2 (72)

—ZZ S5t TE 4 E )+ (ST 2P T) [V ()
=1 t=1 =1

By combining (71) and (72), we have

lzrsr — 2"

(%) lzr —a*||* + 29T (1—2nTB (440°T? B + 22nTB + 1)) [F(x*) — F(zRr)]

N T
P TETE+1) N~ ety 0PT oy 20V i
+ N Z SRt1r T N R+Lt + N V TR+L

~

i=1 t=1 T=1

(73)

WE

L leo—a | + S H[F@") - Fla,)]

aPTB(2nTS + 1) Z giorz AT 20Vd G
N —r+1,7 N —r41, t N —r4+1,t

Il
o

T

Y

=1

M=

T=1

o~
Il

1

where (a) is from Lemma E.10 and (b) is from H £ 29T (1 — 29T (44n*T?B? + 22T + 1)) as well as the repeated
application of (a).
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Note that when choose the learning rate 7 that satisfies n < ﬁ, we have H > 0.544nT. Based on this and
|2r1 —2|)* > 0 for (73), we further have

in F(z,)— F(z*) <
,in (z,) — F(z") <

(74)

L8z AV
N —r+1,t NT
where (c) is due to the fact that H > 0.544nT.

Non-Convex . When F is only 3-smooth, we have
F(xrq1) — F(xr)

(a)
<VF(z,)" (€ry1 — ) +

, r+1,t—1
1t=1
N T t
8n*1? 32 Y 4T _
N <77 > sEl,  + === ) + (880* 5% + 20°T?) |VF(:CT)2]
g'r‘+1t 1 VF( r+1t 1) "+”VF x,0, 1) — VF(z,)

N —r+l1,t
T t
An*T*p° (i 20 BT _ 2
+ZZ< N oS TE + TEE |+ (0 T 4 T — ) [V (=)
T=1

),

T
n ~(i i i
< - GVF@)TYY (800 - VE@D ) + VE@), ) - VE(@,) + VE(=,))

@
Il

-

~

(75)

(%)
Lri1,t—1 — Lr

9ri1,t-1— Tritt—1

(i) 20 H ‘
2 5T

N t
dn'T?p? = 20 BT _
22 (N DS TTEN 4 T B |+ (' T 4 T~ T) |V ()|
=1 t=1 =1
g Al 4n4T2,6’3 +0?8 G
< (449 T3 + 18P T2 — ) || VF () |7+ ( )y sl

i=1 t=1 T=1

N =r41,t

| (2r°BT +1/(28T)) _q; )

where (a) comes from the smoothness of F' and (b) is from the one-round update (63) for input «. In addition, (c) derives
from (67) and (e) results from (27) in Lemma E.5 by setting a = nST in (27). Finally, (f) comes from Lemma E.11
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Define H £ nT — 44n*T*p% — 131?123 and choose 1 < 100[3T’ we have that H > 0.0877T. Based on this, we further
have

R
in ||VF(z, 2@ 1 VF(z,)
,hin IVE ()| < Rz::oll (z

®» 1 & 1 S (2087 +1/(28T)) _s)
§ ﬁ Z [F(ah’) - F(?Er—o—l)] + RiH Z Z Z N ‘:‘r+1,t
r=0 r=01i=1 t=1
(4n*T?B% + 178) = ror(i
~ SostEl, L (76)
T=1
© 13(F(wo) ~ F(z*) , 13 iii <(0~14n+ 1/(267)) _c»
- nRT nRT = o N T
L0228 < 1)
+ N Z St —r+1,7
T=1
where (c) is due to the fact that H > 0.08 T O

Remark. Of note, Thm. E.1 has presented the convergence of the general optimization framework for federated ZOO
problems (i.e., Algo. 1). So, it can be easily adapted to provide the convergence for those algorithms that follow this
optimization framework (e.g., our Thm. C.1 and the results in Appx. F). This advancement demonstrates superiority over
existing federated optimization approaches, such as FedZO, FedProx, and SCAFFOLD, in terms of universality. Notably,
these prior works primarily focus on providing convergence guarantees exclusively for their specific algorithmic designs.
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E.5. Proof of Theorem C.1

To establish the proof for Thm. C.1, we introduce the upper bound of gradient disparity % Zfil Eff@ derived from our
Thm. 1, into Thm. E.1. This is in fact facilitated by leveraging the gradient correction length in our Cor. 1 to improve the
bound in our Thm. 1 (refer to the remark of Appx. E.2). To begin with, we first derive a set of inequalities below based on
our (38) since they are frequently required in the results of Thm. E.1. It is important to note that for the sake of simplicity in
our proof, we present the validity of these inequalities with a constant probability, without explicitly providing the exact
form of this probability.

R
(b) 1 dwrp™™ (ST — pt) — St—1
—E EE < 5=, +(2\/2ump G+2\/2NGE> 1
G

T
(© = [ 4wk (5t = pt) (1 — pEEDTY [ 9/2055G(1 — pBHIT/2)  2\ANGe )
R t:zl RES—p-p) ( R(1- T/2>(5 -1 S—1 ) Ch 1)] (77)

(@) 4wk (1 — pFFDT) <5(ST ~-1)  p(l— pT)> + (wm(l — p(RHDT/2)

RS—p)I-p") \_ 51 I—p R(I—pT72)(S — 1)
2\/ NGe (ST —1)
S—1 >< S—1 1)

@ T*°VG+1) _, [NG
= _— T _—
© < R * M

where (b), (c), (d) are from the summation of geometric series. In addition, (¢) comes from the fact that S = (T(;f 1)1) (i.e.,
S <45, S5l < UTin(62), 35 = T = O(T)and e = O ().
| BRI N | BT
TR =9, @ = Z (4ompr+t Ut 24/ 2wkp TG + 2\/2NG6)
r=0t=1 i=1 r=0 t=1
) 1 o (dwrp™ (1 p7)
= Z (1_/) + 2T\ 2wrp™T G + 2TV 2NG6>
=0 (78)
o) 4 1 — (BT 2Tv/2 R+1 )T /2
©dwonll —p ") | 2TV20RG( - ) o1 /aNGe

R R
d)O<T\F+1 T T(%)

where (c), (d) are from the summation of geometric series.
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| BTN G @1 R T | X
VR 22 VE L S 523w 2B
r=0 t=1 i=1 T:O t=1 7,:1
R T
(2 %Z Z ( dwrprTHi=1 4 \/2 2wrp™TG + \/2\/ Ge>

1t=1

‘
I

=
| =
M:u

'rT o T/2
( 4w/£p 11 5 —|— T\/Z\/ 2wrp™ TG + T\/Q\/ Ge) (79

V/ _ T2 (R+1)T/2 YRwrG(1 — pR+DT/4
) VAwr(L—p/2)(1—p )Jr TV8wrG(1 )JFTW
R(1—p'/2)(1—pT/2) R(1- T/4)

© o (TVG+1 /NG
20(TH0 21 11T

2
where (a) is from Cauchy—Schwarz inequality and (b) is from the inequality of 3, ¢; < (27 \/§> for any ¢; > 0.
Besides, (c), (d) are from the summation of geometric series.

A
&
Il
<

Subsequently, we proceed to establish the proof for the results in Thm. C.1 that are conditioned on different assumptions of
F by systematically demonstrating each case individually as follows.

Strongly Convex F. Define c = 1 — anT'/4. 3 When R+ 1 > 41n(3/4)/(anT), we then have that p, < anTcF~"
according to (70), which finally yields the following result

T R r1'/2
(a) Z 4p,wrptT <S(ST -1 p(1- pT)> N Z 20,V 2wrGp" T/ (S(ST -1) 1)

— —p S—1 1—p — S—1 S—1
L 2VONGe (5(8T-1)
S—1 S—1
® danTwr(cH — pHIT) (S(ST —1)  p(1—p") (80)
- (S =p)(c—pT) S—1 l—p

N 20TV 2wrG(cFHT — p(RTDT2) /5(ST 1) D 4 2V2NGe (S(ST 1) )
(S—1)(c— /) S_1 s—1 51

(é(’) <ar]T3 FWVG +1) +T% ]\](4G>
(d) aT?cl NG
_o< 3 w@+U+T%/M)

where (a) follows from the derivation in (77) and (b) is due to the fact that p,, < anTcf*~" as well as the summation of
geometric series. Besides, (c) comes from ¢/t > p(E+DT/2 . p(B+DT and ¢ > pT/2 > pT when we choose ¢ properly
in the proof of (69) as well as ¢ = O (7). Finally, (d) results from the fact that n < {5 and o < 3.

3Note that according to (66), we can always find a /P < ¢ < 1 such that (69) still holds with only different constant terms. As a

result, ¢ > pEHDT/2 5 (H(BADT ang ¢ > pT/2 > pT,
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Following from the derivation above, we also have

R T N )
Z Z > =
t=1 i=1

r=0

R o
4 rT 1— T
=Y "p (‘”“pl(pp) + 2T/ 2wrp TG + 2T\/2NG6)

Sjla(;Twm(l — T (R — p(RADT) . 20T/ 2wrG (el — p(REDT/2) © STV (81)
(1—=p)(c—p") (c—pT/?)
_(’)< 5 (T\f+1)+T\/T> .
Finally, by introducing (80) and (81) into Thm. E.1, we have
TEI[I}%EU F(x,) — F(z*)
Sraexp (2L o - o + ifjfjp (NT > sEl, W:Q)
(2(9 <ozexp (— OHIZR> Dy + % (achz (VG +1) + TZ\/§> 82)

l/ﬁjTl/C“( (VG +1) + \/]Xf))
Yo (exp( nRT)Dy + VG + 4/ Aj(f)

where (b) is due to the fact that n < 15 5T Let each item above achieve an €/4 error, we then realize the result in our
Thm. C.1 when F' is a-strongly convex and 3-smooth.

Convex F'. By introducing (77), (78) and (79) into Thm. E.1, we have

min F(x,) — F(z*)

re[R+1)
@2)|lzg —2"[* | 1 (N (0 g 812w VA
<0 4= N5t TE 1=l — /gl
= 77]%Tv + R ; Zzzl ; NT 7;1 r+1,7 + N r+1,t + NT r+1,t
(b) D 1 T2(VG +1 NG 1 VG +1 NG
nRT = BT2 R M BT R V M (83)

+f<T\f+1 T4NG>>

© (HRT fw% \/N>G \/*)

where (b) is due to the fact that n < 1OBT
Thm. C.1 when F is convex and [3-smooth.

Let each item above achieve an ¢/4 error, we then realize the result in our
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Non-Convex F'. By introducing (77) and (78) into Thm. E.1, we have

min, (VP ()|’

re[R+1
@ 13(F(2o) ~ F@)) , 13 iii ((0.14n+1/(2ﬁT)):(,~)
; ’I7RT ’I7RT r=0i=1 t=1 N T
102028 = oo (i)
TN 723:15 Srtir (84)

(b) D, 1 (TVG+1 NG 1 (T*VG+1) ., [NG
< — | = 4T1y/== 1%\ =
_O<77RT+T< R’ M>+BT2< R + M

(_c)(,)( D, VG NG)

nRTJ“f+ M

where (b) is due to the fact that < ﬁ. Let each item above achieve an €/3 error, we then realize the result in our

Thm. C.1 when F' is non-convex and 3-smooth. This hence finally concludes our proof of Thm. C.1.
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F. Theoretical Results for Existing Federated ZOO Algorithms
F.1. Gradient Estimation in Existing Federated ZOO Algorithms

We first introduce the following lemma from the Thm. 2.6 in [22] to bound the gradient estimation error of the standard FD
method, which usually serves as the foundation of existing federated ZOO baselines, e.g., [2].

Lemma F.1. Let § € (0,1). Assume that function f is -smooth in its domain and w, ~ N(0,1) in (7), then the following
holds with a probability of at least 1 — 6,

|A() - <>||<mf++\/ 3||Vf o)) + X 462)

(d+2)(d+4)+ 2

where sup,c v ly(x) — f(x)| < e
Remark. In our setting (see Sec. 2), we in fact have the following result with a probability of at least 1 — § by applying the
Chernoff bound on the Gaussian observation noise (:

210 (2/8)0 , (85)

which is regarded as a constant in our following proofs. By additionally assuming that the gradient of f be bounded (i.e.,
IV f(x)|| < cfor any x in the domain of f and some ¢ > 0), we have

lA) — Vi@ <A+O (1 (36)

)

where the constant A is defined as A £ SA\Vd + #. Note that this additional constant term in (86) can not be avoided,
which thus is another pitfall of the FD method in addition to its query inefficiency as discussed in our Appx. B.2.

Based on the results above, we can get the following upper bounds for the gradient estimation methods in the existing
federated ZOO algorithms. Note that, we usually keep the constant before O (é) to deliver a more detailed comparison
among different federated ZOO algorithms throughout this section.

FedZO Algorithm. For FedZO [2], it applies the following gradient estimation for every local update in Algo. 1:
§(i)71 = Al )( 1(jt 1) (87)

r,t
That is, 75?71 = 0 and 95971 =A0 (1”%71) in (6). We provide the following gradient disparity bound for such a gradient
estimation method when it is applied in Algo. 1.
Proposition F.1. Assume that + Zil |Vfi(x) — VF(x)|* < G forany x € X and f; is S-smooth with bounded
gradient for any i € [N]|. When applying (87) in Algo. 1, the following then holds with a constant probability for some

A >0,
izﬂ“ A2 196 140 (L
N A —r,t Q .

Proof.
LN @ 1L )
—~(2) (@ i 2 7
1520 @ LS 1A0E0,) - vrE,)|
i=1 i=1
® 15 2
O =5 A0y - VA + Vi) - VRE)|
=1 (88)
© 15 (1) (1) @ |7 (i) OIN (&
< 52 (Ja0@ - vaEl| + [vaed) - vrel o))
i=1
@ 1
< 4AA° +2G + 40 0
where (c¢) comes from Lemma E.5 and (d) is based on Lemma E.5 as well as the result in (86). O
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FedProx Algorithm. For FedProx in the federated ZOO setting (i.e., by simply combining FedProx from [16] with the
standard FD method in (7)), it has the gradient estimation form as follows:

G = A )yl ) (89)
(i) (i)

where + is a constant. That is, 732_1 =7, gfff) L =A0(x £2 yand g, i (z') — g, (") =, | — 2,110 (6). We
provide the following gradient disparity bound for such a gradient estimation method when it is applied in Algo. 1.

Proposition F.2. Assume that + Zf\il |V fi(z) — VF(x)|> < G forany x € X and f; is B-smooth with bounded
gradient for any i € [N]. When applying (89) in Algo. 1, the following then holds with a constant probability for some

A >0,
1
7(}2 l_wr 1H +60<Q> .

N , 392 &
NZE 672 +3G + 20|
=1 =1

. i i i 2
S [a0@ )+ (20— wer) - VRS

=1 =1
22 ||Aav @) - V@) + Vi@l ) - VE@ )+ (2l )|
i=1
© 1 (i) ( () OERE
< N;?’ HA (@) )~ Vfi(= H + HVfZ )—VF(:::T’FI)H (90)
N
372 i 2
+ 5 ks e

() 392 X
2
< 6A° + 3G + N 21‘

i 2 1
m£f271 *Jlr—lH +60 <Q) .

Similarly, (¢) is from Lemma E.5 and (d) is based on Lemma E.5 as well as the result in (86). O

SCAFFOLD (Type I) Algorithm. For SCAFFOLD using its Type I gradient correction in the federated ZOO setting
(i.e., by simply combining SCAFFOLD (Type I) from [8] with the standard FD method in (7)), it has the gradient estimation
form as follows:

N
@(32_1 _ A(i) Z fﬂr 1) —A® (Lr—1) . ©On

Thatis. 7,7} = 1.g/) 1 = AD(2,) 1) and g, (2) - g,” (&) = § 330, AV (@, 1) — AD(2,_,) in (6). Of
note, similar to our FZ00S where an additional transmission is required when we actively query in the neighborhood of
@, in line 7 of Algo. 2, SCAFFOLD (Type I) also needs another server-client transmission of +; Zjvzl AU (z,_,) for
gradient correction. We provide the following gradient disparity bound for such a gradient estimation method when it is

applied in Algo. 1.

Proposition F.3. Assume that f; is 3-smooth with bounded gradient for any i € [N|. When applying (91) in Algo. 1, the
following then holds with a constant probability for some /A > 0,

N
! S OB < 18A%+ 65% Z‘

1:1

)

") —a, 1H + 180 <Q)
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Proof.
2
1 a ) (@) 1 o (4) 1 al
T EN Y S AO@ )+ | 5 AV @) - A @) | - V(@) )
i=1 i=1 j=1

=1 J=1g#i
N -1 ; . 2
+ (V@) - AV(@,))
2
© 3 [ i1, G a2 3 N
< v o|AfEl ) -VaED D) tm | X (AV@-) - Ve )
=1 i=1 ||j=1,j7i
3N -—1)2 & ; Z 2
+ ( N3 ) ZvaZ(wrt 1) A()(mr—l)H
1=1
@ 3 & ; ; _1 N N ‘ i 2 (o
) I ] I DD Djl FUICR R ZC A e
=t i=1 j=1,ji
3(N —1)? ; 2
+ A ZHW ) - A<><a:r_1>H
=1
(e) 3 (@) /() _1 N ot )
< *ZHAI (zy,_1) — VSi(z H ZHA] (x ) — V£i( )H
- =
682(N — 1)2 <~ || 2
N2 Z‘w% 1 wr—lH
j=1
) 9 & G 2
< v 2[av@li - vaeio| +652 = o

9 2 2 - (4) 2 1
<187 +65° > ||2l) — 2| 180 )

Similarly, (c), (d) are from Lemma E.5 and (e) is because of the smoothness of F' as well as (28) with a = . Finally,
(g) follows from the results in (86) as well as the result in Lemma E.5. O

SCAFFOLD (Type II) Algorithm. For SCAFFOLD using its Type II gradient correction in the federated ZOO setting
(i.e., by simply combining SCAFFOLD (Type II) from [8] with the standard FD method in (7)), it has the gradient
estimation form as follows:

N T T
97(-,2—1 = A )(5"52 1) N E E (]) 1(9)1 1) T E Al )(wf"ll,‘r—l) . 93)

. i N T ; j T IR i
That is, g,—1(x') — 97(-—)1(3"”) = ﬁ Zj:l ZT:I A(J)(wf']—)l,r—l) - % 27:1 A(z)(wgll,r—l) 97(2 1 A(z)( 51)5 1)
and fyﬁt) 1 = 1 in (6). Interestingly, SCAFFOLD (Type II) servers as an approximation of SCAFFOLD (Type I), which
in fact does not require another server-client transmission for gradient correction as discussed in [8]. This is because
w7 Ej\;l 23:1 AU )(a:ff_)lﬁ_l) can be computed before the aggregation of {a:r 1 T} v, on server. We provide the
following gradient disparity bound for such a gradient estimation method when it is apphed in Algo. 1.

Proposition F.4. Assume that f; is c-continuous and 3-smooth for any i € [N] and the randomly sampled {uq} ~, in
(7) are shared across all iterations and rounds. When applying (93) in Algo. 1, the following then holds with a constant
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probability for some A, a > 0,

A 24ac o o || (i : 2 1 1
DI UESUSEEECS B |2l — 2, || +60 (Q) + 120( )
=1 =1 17=1

TQ

Proof. We slightly abuse notation and use Al )( v, t 1) to denote the FD method in (7) using T'Q) function queries for the
gradient estimation at input :Jc( 9 _, on client ¢. Based on this notation, we then have

1
N;Ent
2
@1 % (i) L SN A ) (g (i)
:NZ A(Z)(w, 1)+ WZZA])( r—1,7— 1 ZA T— 1) _VF(mntfl)
i=1 j=17=1
) 1 N-1 1
=5 2 A0 @)~ Vi) + 5 (fow?z_l)—TZAW . o)
=1 =1
1 N T ] 2
+ 7 > 2 (AVED, ) - Vh@EE)
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(C) 3 a i 7 7 2
S IR A ]
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2
3(N —1)? al i D), (i D, (i 1 & N (i
+ 2 Y (Ve - AR @) + (AP ) - £ Y AVE, )
i=1 =1
D)
3 N N .
tam | X (Vi) - aP ) + (m (201) ZAU ,ﬂ”l,H))]
i=1 ||[j=1,j#1
(d) 3 al i 7 7 2
SN Z HA( )(335,271) - Vfi(wi,ifl)H
=1
3(N —1)? a i), (G 2
> 1+— Vi@l - AP @)
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+N

T 2
i), (i 1 NG
ISR Sy )
=1
N N
3(N-1) R 2
S ((1+) V5@ - AP @Y
i=1j=1,j#1

Similarly, (¢) are from (29) in Lemma E.5 and (d) is because of (28) in Lemma E.5 with a =

+N' A( :I:'E?t) 1 ZA(J) 7— ,T— 1)

N

N-1"

37



Heterogeneous Federated Zeroth-Order Optimization using Gradient Surrogates

L 2
We thenboundHAgf)(mff)f) AT AOED 17 1)” as below
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where (a), (d), (e) are due to (29) in Lemma E.5. Note that (d) is valid because {uq}?:1 in (7) is assumed to be shared across
all iterations and rounds. In addition, (c) is from the Cauchy—Schwarz inequality and ( f) is based on the continuity of F, i.e
[1F(x) — F(a')] < ! i

| < cforany x,x’ € X. Finally, (g) is from Lemma E.2 and a = d + 2,/dQ~'In(1/5) + 2Q~*In(1/9).
Finally, by introducing (95) into (94), we have
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Finally, (b) follows from the results in (86) as well as the result in Lemma E.5, which finally concludes our proof. O
Comparison and Discussion.

By comparing the upper bounds in Prop. F.1, F.2, F.3, and F.4 above with the one in our
Thm. 1, we can summarize certain interesting insights as follows, which, to the best of our knowledge, has never been

38



Heterogeneous Federated Zeroth-Order Optimization using Gradient Surrogates

formally presented in the literature of federated ZOO.

(i) The gradient disparity of existing federated ZOO algorithms consistently has an additional constant error term (i.e.,
A?) that can not be avoided. Remarkably, no additional constant error term occurs in the gradient disparity bound of
our (5).

(i1) The gradient disparity of existing federated ZOO algorithms typically can only be reduced at a polynomial rate of )
whereas our (5) is able to achieve an exponential rate of reduction for its gradient disparity.

(iii) FedProx achieves an even worse gradient disparity when compared with FedZO by introducing an additional error
term 31'(, Zfil ‘ 5'352 1~ Tr1 H . This may explain its worst convergence in Sec. 5.

(iv) SCAFFOLD (Type I) and SCAFFOLD (Type II) are typically able to mitigate the impact of client heterogeneity
(i.e., G) by enlarging the impact of the gradient estimation error that is resulting from the FD method applied in these

two algorithms. This may lead to worse practical performance when the gradient estimation error outweighs the client
heterogeneity, as shown in our Sec. 5.

(v) Although SCAFFOLD (Type II) is proposed to approximate SCAFFOLD (Type I) in the original paper [8], SCAF-
FOLD (Type II) in fact has the advantage of achieving a smaller gradient estimation error for gradient correction

by increasing the number of additional function queries (i.e., the term O (i) in Prop. F.4), which is however at

the cost of a likely increased input disparity (i.e., the term 2;1;‘; Zz 1 ZT 1 ‘

Tt 1—acT 1r— 1H in Prop. F.4).

Interestingly, federated ZOO usually prefers gradient correction of smaller gradient estimation errors, as suggested
by the empirical results in our Sec. 5. This explains the reason why SCAFFOLD (Type II) usually outperforms
SCAFFOLD (TypeI) in federated ZOO, which differs from the scenario of federated FOO and therefore highlights
the importance of an accurate gradient correction in federated ZOO.

F.2. Convergence of Existing Federated ZOO Algorithms

To establish the proof for the convergence of existing federated ZOO algorithms, we introduce the upper bound of gradient
disparity + N ZZ 1 :,(n 2 derived from our Prop. F.1, F.2, F.3, and F4, into Thm. E.1. Particularly, to ease our proof, we mainly
prove the convergence of existing federated ZOO algorithms when F' is non-convex and 3-smooth. Similar to our Thm. C.1,
we define Dy £ |z — «*||* and Dy £ F(xo) — F(z*), and assume that + Zf\;l |V fi(z) — VF(z)||* < G for any

T eX.
Theorem F.1. FedZO enjoys the following convergence with a constant probability for some A > 0 when n < ﬁ,

D,
nRT

min  |VE(z,)|* <O (

1
+ A+ G+ ) :
re[R+1) Q

Proof. Following the proof in our Appx. E.5, we have
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which concludes our proof. O

Remark. Of note, this convergence aligns with one provided in [2], which hence supports the validity of our Thm. E.1 and
Prop. F.1.
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Discussion. Of note, the key to proving the convergence of other existing federated ZOO algorithms (i.e., FedProx and
SCAFFOLD) lies in the bounded client drift (i.e., Lemma E.11) when additional input disparity is introduced in these
algorithms. This in fact takes up a lot of space as shown in their original paper and is also out of the scope of this paper.
As a consequence, we leave out the proof of the convergence of FedProx and SCAFFOLD in federated ZOO. Fortunately,
the convergence (i.e., Thm. E.1) for the general optimization framework Algo. 1 implies that the key difference among the
convergence of various federated ZOO algorithms in fact lies in their difference of gradient disparity. In light of this, based
on our theoretical insights about the gradient disparity in different federated ZOO algorithms (Appx. F.1), we are still able to
present the following insights into the advantages of our FZoo0S intuitively from the perspective of convergence:

(1) In general, the convergence of our FZ0ooS in Appx. E.5 avoids the constant error term that can not be omitted in
existing federated ZOO algorithms. Note that even the error term caused by RFF approximation (see Thm. C.1) is in
fact able to be mitigated by using a large number M of random features.

(ii) Compared with the convergence of FedZO in Thm. F.1, the convergence of FZ00S in Appx. E.5 demonstrates that the
client heterogeneity can be effectively mitigated in FZooS and the gradient estimation term enjoys a better reduction
rate (i.e., exponential rate vs. polynomial rate).

(iii) The bounded client drift in Lemma E.11 for the framework Algo. 1 implies that the additional input disparity from
the FedProx in Prop. F.2, the SCAFFOLD (Type I) in Prop. F.3 and the SCAFFOLD (Type II) in Prop. F.4 likely
leads to a larger client drift and consequently results in worse convergence compared with our FZooS, which has been
empirically supported by the results in our Sec. 5 and Appx. H.
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G. Experimental Settings

General Settings. The gradient correction length is set to be 7&2_1 = 1/t such that it decays with the iteration of local
updates t. We set the learning rate = 0.01 and use Adam as the optimizer. As we described in line 7-8 of Algo. 2 and in
Sec. 3.2.1, at each local update iteration, we actively query in the neighborhood of the input :135’,)E on each client. Each time
we generate 100 values of :cﬂ + & where each dimension of ¢’ is uniformly sampled from [—0.01, 0.01]. We select the
top 5 values with the highest uncertainty ||9(c{))? (") + 6)||. We set the number of random features 1/ = 10000 for the
squared exponential kernel with a length scale of 1. Each dimension of the function input is normalized to be within [0, 1]
using the min-max normalization. The number of clients IV, the number of local updates 7', and the number of rounds R

vary for different experiments.

G.1. Synthetic Experiments

: — [.1d LG — [,(1d (i) — 1p(01d : : : ;
Let input & = [z,]7_, € [-10,10]%, al) = [a;"]_1, and b'") = [b;”]{_,, then the quadratic functions on each client i
that has been applied in our Sec. 5.1 is in the form of

filz) = ﬁ > KH—C (a;“ - ]lv)> x? + (1+C’ (bg?) - ;{)) xj] +1 (98)

j€Eld]

where every [a(i)]f‘\[:1 and [bg-i)]fil are independently randomly sampled from the same Dirichlet distribution Dir(cx) where

J
a= % - 1. So, given any C' > 0, the final objective function remains

1

S i)+ (99)

J€ld]

Of note, C' is the constant that controls the client shift in our federated setting. Specifically, a larger C' typically leads to
larger client shifts whereas a smaller C' usually enjoys smaller client shifts. We set the number of clients to be N = 5. We
set C' € {0.5,5,50} to vary the degree of heterogeneity (i.e., client shifts) among the local functions. The dimension of
the function input is set to be d = 300. We set the number of local updates to be 7' = 10 and the number of rounds to be
R = 50.

G.2. Federated Black-Box Adversarial Attack

We set the number of clients N = 10 in this experiment. Before we conduct the adversarial attack, we need to train N = 10
models on different datasets to get the heterogeneous local model functions. To control the degree of heterogeneity among
these functions, each time we sample P x 10 classes among the 10 classes of the dataset (i.e., MNIST or CIFAR-10) and
construct a dataset that only contains data points from these P x 10 classes where P € [0, 1]. Repeat the above procedures
for 10 times to get 10 different datasets. Consequently, a higher P means that the degree of heterogeneity among the local
model functions is lower. As an example, when P = 1, all the local models of these clients will be exactly the same since
they are all trained on the dataset with all 10 classes data points. For MNIST, we train a convolutional neural network (CNN)
with two convolution layers followed by two fully connected layers on each dataset. For CIFAR-10, we train a ResNet18 on
each dataset.

After obtaining these 10 local model functions for the clients, we proceed to select 15 data points from the test dataset.
Specifically, we choose these data points among the ones that have been correctly classified by all of the 10 local models.
These selected data points will be used as the targets for our attack. The goal is to find a perturbation @, such that the
modified image z + x will be classified incorrectly by the model of each client. The local function takes the perturbed
image z + @ as input and outputs the difference between the logit of the true class and the highest logit among all other
classes except the true class. The condition for the attack to be successful is that the averaged output of N = 10 models
misclassify the image z + x. The success rate is the portion of images that are successfully attacked among the selected 15
images. We set the number of local updates 7' = 10 and the number of rounds to be R = 100.
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Figure 3. Comparison of the cosine similarity between gffz 1 and VF(x, ;1) within one round (with local iterations 7" = 20) among

different federated ZOO algorithms, where the y-axis denotes the cumulatively averaged similarity w.r.t. the x-axis (i.e., the iterations of
local updates). Of note, for every iteration, our (5) will actively query only 5 additional function values, which is much fewer than the 20
additional queries in other existing algorithms based on FD methods.
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Figure 4. Comparison of the communication round and query efficiency between our FZ00S and other existing baselines on the federated
synthetic functions with a varying number 7" of local updates.

G.3. Federated Non-Differentiable Metric Optimization

Following the practice in [3], we first train a 3-layer MLP model on the training dataset of Covertype [26] using the
Cross-Entropy loss to obtain its fully converged parameters 8*. This is to simulate the federated learning (i.e., fine-tuning) of
a pre-trained model with other non-differentiable metrics. Similar to the setting in Appx. G.2, we construct /N = 7 datasets
by sampling P x 7 (P € [0, 1]) classes from the test dataset each time. Again, the degree of heterogeneity among the local
functions of the clients is controlled by P. The higher the value of P, the more heterogeneous local functions will be. In this
experiment, we aim to find a perturbation x to the model parameters 8*, such that 8* 4+ x will yield better performance
for other non-differentiable metrics, e.g., precision and recall, by using the distributed datasets on clients. Specifically,
the local function takes the perturbed model parameter as input and outputs the result of a non-differentiable metric (e.g.,
1 — precision) that evaluates the performance of the model on the corresponding constructed dataset. We set 7" = 10 and
R = 50. As in [3], we conduct experiments on four non-differentiable metrics, namely precision, recall, Jaccard score, and
F1 score.

H. More Results
H.1. Synthetic Experiments

In this section, we first compare the gradient disparity of existing federated ZOO algorithms and our FZ00S algorithm using
the quadratic functions (see Appx. G.1) with d = 300, N = 5, and C' = 5. The results are in Fig. 3, showing that our
proposed adaptive gradient estimation is indeed able to realize significantly improved estimation quality than other existing
methods while requiring fewer function queries. This consequently verified the theoretical insights of Thm. 1. Interestingly,
we notice that the quality of our (5) decreases when the number of iterations for local updates is increased, which is likely
because the performance of our gradient surrogates suffers when the input x for gradient estimation is far away from the
historical function queries (i.e., few function information at & can be used for predictions), as theoretically supported in our
Appx. E.3. This also indicates the importance of active queries in our FZooS for consistently high-quality (5) by collecting
more function information in the neighborhood of the potential updated inputs within the local updates.
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Figure 6. Comparison of the success rate achieved by FZ00S and other existing federated ZOO algorithms on CIFAR-10 under a varying
number 7" of local updates.

In addition to the comparison using a quadratic function that is under varying heterogeneity through different C' in our
Fig. 1, we present the comparison using a quadratic function that is under a varying number 7" of local updates in Fig. 4.
Remarkably, our FZo0S still considerably outperforms other baselines in terms of both communication round efficiency
and query efficiency. Interestingly, Fig. 4 shows that a larger 7" usually improves the communication round efficiency of
both our FZ00S, as theoretically supported in our Thm. C.1. However, such an improvement is usually smaller than the
increasing scale of T'. This also aligns with our Thm. C.1 since our Thm. C.1 demonstrates that the increasing 7" fails to
mitigate the impact of client heterogeneity. That is, term G in Thm. C.1 can not be reduced when 7' is increased.

We finally present the comparison of the communication round efficiency of our FZooS (a) with a varying number M of
random features and (b) without adaptive gradient correction under varying client heterogeneity in Fig. 5. Of note, in Fig. 5,
we only apply M = 1000 random features to facilitate a clear and direct comparison. Interestingly, Fig. 5(a) demonstrates
that our FZo0S of a larger number M of random features generally is preferred for an improved communication round
efficiency when the client heterogeneity (i.e., C') is increased, which thus aligns with the theoretical insights from our
Thm. C.1 in Appx. C.2. Nevertheless, when client heterogeneity is small (e.g., C' < 5.0), a moderate number of random
features can already produce compelling and competitive convergence. Meanwhile, Fig. 5(b) illustrates that, in general,
both our adaptive gradient correction vector and adaptive gradient correction length are essential for our FZooS to achieve
remarkable convergence in practice. Surprisingly, our FZooS with fixed gradient correction outperforms its counterpart
with adaptive gradient correction when client heterogeneity is large (i.e., C' = 50). This is likely because a small number of
random features (i.e., M = 1000) are applied when C' = 50, making adaptive gradient correction generally inaccurate for a
long horizon of local updates since the quality of our gradient surrogates decays w.r.t. the horizon (i.e., iterations) as shown
in Fig. 3. This can also be verified from Fig. 5(a). On the contrary, the fixed gradient correction is already of reasonably
good quality due to the smoothness of the global function F' (i.e., its gradients are continuous), which consequently can
provide consistently good gradient correction along a long horizon of local updates when client heterogeneity is large (i.e.,
C = 50).

H.2. Federated Black-Box Adversarial Attack

In addition to depicting the success rate of attacks on CIFAR-10 in Fig.2, which accounts for varying client heterogeneity,
we also present the success rate of attacks on CIFAR-10 considering a variable number of local updates, as showcased
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and each curve is the mean =+ standard error from five independent runs.

in Fig.6. Furthermore, we provide an illustration of the attack success rate on MNIST, considering both varying client
heterogeneity and a variable number of local updates, as presented in Fig. 7. Notably, our proposed algorithm consistently
demonstrates enhanced efficiency in terms of communication rounds when compared to other baselines, across different

levels of client heterogeneity and varying numbers of local updates.

H.3. Federated Non-Differentiable Metric Optimization

Besides the non-differentiable metric optimization result for the precision score that is under a varying heterogeneity
through different P in Fig. 8, we also report the corresponding result under a varying number 7" of local updates in Fig. 9.
Moreover, we provide results for recall, F1 score, and Jaccard as the non-differentiable metric in Fig. 10, Fig. 11, and Fig. 12
respectively. Notably, our FZo0S still consistently outperforms other baselines in terms of both communication round
efficiency and query efficiency when under the comparison of varying client heterogeneity and a varying number of local
updates with different non-differentiable metrics.
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Figure 10. Comparison of the non-differentiable metric optimization between FZooS and other existing federated ZOO algorithms under
varying client heterogeneity (controlled by P € [0, 1], a larger P implies smaller client heterogeneity) and a varying number 7" of local
updates. Note that the y-axis is (1 — recall) x 100% and each curve is the mean =+ standard error from five independent runs.
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Figure 11. Comparison of the non-differentiable metric optimization between FZooS and other existing federated ZOO algorithms under
varying client heterogeneity (controlled by P € [0, 1], a larger P implies smaller client heterogeneity) and a varying number 7" of local
updates. Note that the y-axis is (1 — F1 score) x 100% and each curve is the mean =+ standard error from five independent runs.
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Figure 12. Comparison of the non-differentiable metric optimization between FZo0S and other existing federated ZOO algorithms under
varying client heterogeneity (controlled by P € [0, 1], a larger P implies smaller client heterogeneity) and a varying number 7" of local
updates. The y-axis is (1 — Jaccard score) x 100% and each curve is the mean + standard error from five independent runs.
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