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ABSTRACT

Federated learning (FL) is an emerging learning paradigm in which a set of dis-
tributed clients learns a task under the coordination of a central server. The FedAvg
algorithm is one of the most widely used methods to solve FL problems. In FedAvg,
the learning rate is a constant rather than changing adaptively. Adaptive gradient
methods have demonstrated superior performance over the constant learning rate
schedules in non-distributed settings, and they have recently been adapted to FL.
However, the majority of these methods are designed for unconstrained settings.
Meanwhile, many crucial FL applications, like disease diagnosis and biomarker
identification, often rely on constrained formulations such as Lasso and group
Lasso. It remains an open question as to whether adaptive gradient methods can
be effectively applied to FL problems with constrains. In this work, we introduce
FedDA, a novel adaptive gradient framework for FL. This framework utilizes a
restarted dual averaging technique and is compatible with a range of gradient esti-
mation methods and adaptive learning rate schedules. Specifically, an instantiation
of our framework FedDA-MVR achieves sample complexity O(K ~'e~'%) and

communication complexity O(K ~0-25¢~1-25) for finding a stationary point € in
the constrained setting with K be the number of clients. We conduct experiments
over both constrained and unconstrained tasks to confirm the effectiveness of our
approach.

1 INTRODUCTION

As an emerging machine learning technique, federated learning (FL) has recently been applied to
many important health and biomedicine applications (M et al., 2023} Joshi et al.,|2022} |/Antunes et al.,
2022} Xu et al,2021a; |A et al.,[2022). The FL enables big data analyses in healthcare (especially for
rare diseases) via allowing a set of distributed located hospitals, medical centers, insurance companies,
etc., to jointly perform a machine learning task under the coordination of a central server over their
privately-held data. For example, in a recent FL study, the data from 71 sites across 6 continents are
used to generate an automatic tumor boundary detector for the rare disease of glioblastoma (S et al.|
2022). Among these FL healthcare applications, federated biomarker identification (Sheller et al.,
2020) is one of the most important learning tasks to help researchers and clinicians detect informative
biomarkers from distributed biomedical datasets to understand the underlying disease mechanisms,
diagnose disease earlier, and design drugs. Different to prediction tasks, the federated biomarker
identification often utilizes the constrained formulations, such as Lasso and group Lasso, which often
requires specific optimization solvers.

A widely used method in Federated Learning (FL) is the FedAvg (Local-SGD) algorithm (McMahan
et al.|[2017). As indicated by its name, FedAvg performs (stochastic) gradient descent steps on each
client and averages local states periodically. Recently, researchers incorporated adaptive gradient
methods to the FL setting (Reddi et al.| [2020; [ Karimireddy et al., |2020a; [Chen et al., 2020b) to
accelerate FedAvg. For instance, Reddi et al.| (2016)) introduced FedAdam, which incorporates the
Adam optimizer for server updates; Karimireddy et al.| (2020a) proposed MIME, which supports
adaptive gradients in local updates. These adaptive gradient methods have demonstrated significant
performance enhancements compared to FedAvg. However, these methods are designed for the
unconstrained setting and cannot be directly applied over the constrained formulations as in the
biomarker identification tasks. In fact, FL problems with constraints remain under-explored in the
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Table 1: Comparisons of representative Federated Learning algorithms for finding an e-
stationary point of equation . e, ||[V£(x)|? < eorits equivalent variants. G(f, €) denotes the
number of gradient queries w.z.t. f(*)(z) for k € [K]; Cc(f, €) denotes the number of communication
rounds; State means what state the algorithm maintains locally (Primal/Dual); Local-Adaptive means
whether the algorithm performs adaptive gradient descent locally or not; Constrained means whether
the algorithm can solve both constrained and unconstrained problems or not.

Type Algorithm Ge(f,€) Ce(f,€) State Local-Adaptive | Constrained
FedAvgMcMahan et al. [(2017} O(K e ?) O(e %) Primal/Dual X X
FedDualAvg|Yuan et al.|(2021} O(K~1e7?) O(K~'e?) Dual X v

Non-adaptive FedCM [Xu et al.[(2021b} O(K~'e?2) O(K~'e2) Primal/Dual x X
FedGLOMO |Das et al. [(2020} O(K~05¢15) O(e™19) Primal/Dual x X

STEM |Khanduri et al.|(2021a) O(K~1e 1) O(eY) Primal/Dual x X

FedAdam Reddi et al. (2020} O(K~e?) O(K~%% 1) Primal X x

Adaptive Local-AMSGrad|Chen et al. [(2020b) O(K~'e™?) O(K~te7?) Primal v X
MIME-MVR [Karimireddy et al.|(2020a) | O(K~%%¢1%) | O(K~%5¢19) Primal v X

FAFED|Wu et al.[(2022) O(K~te19) O(e™ ") Primal v x

FedDA-MVR(Ours) O(K~ e 13) | O(K~025¢1:2%) Dual v v

literature. In|Yuan et al. (2021), authors proposed FedDualAvg to solve FL problems with non-
smooth regularizers. In FedDualAvg, model parameters are transformed into a dual space using a
map determined by the regularizer. Averaging is then conducted in this dual space across all clients.
FedDualAvg can be used to solve federated constrained optimization problems when regularizers are
indicator functions defined over the constraints set. However, FedDualAvg uses constant learning
rate as FedAvg, thus suffers the same slow convergence rate. In fact, it is an open question if adaptive
learning rates can be used to accelerate the solving of federated constrained optimizations.

In this work, we propose the Federated Dual-averaging Adaptive-gradient (FedDA), a general
adaptive gradient framework for federated constrained optimization. FedDA is based on the dynamic
mirror descent view of adaptive gradients (Huang et al., |2021)). More specifically, suppose we have
an adaptive matrix H such that it is diagonal and its i;;, diagonal element represents the adaptive
gradient for the ¢4, coordinate of the model parameter. Then if we view the parameter space as the
primal space and the matrix H as a linear mirror map, the adaptive gradient update step is equivalent
to a mirror descent update step. Since adaptive gradients are updated at each iteration, the mirror map
H is also dynamic. Our FedDA is inspired by this mirror descent view of adaptive gradients.

In FedDA, the server maintains the global adaptive matrix and the global model weight. In each
epoch, each client receives the current global adaptive matrix and global model weight. Then it
performs multiple steps of ’dual-averaging’ style mirror descent (Nesterov, [2009). More specifically,
the client aggregates dual states, and only recover model weight (primal states) through the adaptive
matrix (mirror map) when the gradient query is needed. Note that the adaptive matrix is fixed during
local updates. After local updates, the server averages the dual states and then updates the global
primal state and the adaptive matrix. There are two important characteristics of FedDA. Firstly, we
fix the adaptive matrix during local updates to makes sure that all clients share the same dual space.
Secondly, the aggregation and averaging is performed in the dual space instead of the primal space. In
fact, in the constrained case, the mapping from dual space to the primal space involves the non-linear
projection operation. Although averaging dual states leads to an unbiased estimate of the global
gradient, averaging primal states leads to biased estimation due to projection. In summary, FedDA
adopts the restarted dual-averaging strategy, where the adaptive matrix (mirror map) is refreshed at
each global epoch and clients perform dual averaging locally with a fixed mirror map. Our FedDA is
a general framework: it is flexible to the choices of adaptive gradient methods and also can combine
with various gradient estimation methods. Furthermore, although it is designed for the constrained
case, FedDA works well in the unconstrained FL setting too. We highlight our contribution as
follows:

(1) We propose FedDA, a fast adaptive gradient framework for constrained federated opti-
mization problems. The framework is based on a restarted dual averaging technique and
incorporates a large family of adaptive gradient methods.

(ii) FedDA-MVR, an instantiation of our framework, obtains the sample complexity of
O(K~'¢ %) and communication complexity of O(K ~0-25¢=1-25) The iteration com-
plexity matches the optimal rate of non-adaptive federated algorithms. FedDA-MVR
uses the momentum-based variance-reduction gradient estimation, and exponential moving
average of the gradient square as adaptive learning rates.
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(iii)) We empirically verify the efficacy of the FedDA in solving biomarker identification tasks:
the colorrectal cancer prediction task and the splice site detection task. Furthermore, we
also verify the efficacy of FedDA over non-constrained FL tasks through classification tasks
over CIFAR-10 and FEMNIST datasets.

Notations. V f(z) denotes the first-order derivatives of the function f(x) w.r.t. variable z. £ denotes
a random sample and V f(x; £) is the stochastic estimate V f(z). O(-) is the big O notation, and
O(+) hides logarithmic terms. I; denotes a d-dimensional identity matrix. Diag(z) denotes the
matrix whose diagonal is the vector z. || - || denotes the ¢5 norm for vectors and the spectral norm for
matrices, respectively. (-, -) denotes the Euclidean inner product. [K] denotes the set of {1, 2, ..., K'}.

For a random variable X, E[X] denotes its expectation.

2 RELATED WORKS

Algorithms in Federated Learning. Federated Learning (McMahan et al.,|2017) defines the task
to learn from a set of distributed located clients under the coordination of a server. McMahan et al.
(2017) proposed the FedAvg algorithm, in which each client performs multiple steps of gradient
descent with its local data and then sends the updated model to the server for averaging. The idea of
FedAvg algorithm resembles the Local-SGD algorithm, which is studied in a more general distributed
setting for a longer time (Mangasarian & Solodov,, [1993). The convergence of the local-SGD method
has been heavily analyzed in the literature (Stich| 2018; Karimireddy et al.l 2019b; Dieuleveut &
Patel, 2019; |Khaled et al., 2020; |Yu et al., 2019} [Woodworth et al., [2020; Woodworth} 2021} |Glasgow:
et al.,[2022). Various acceleration methods of FedAvg are considered and we list a few representatives
here. [Karimireddy et al.| (2020b) adopted the idea of variance reduction technique for non-distributed
finite sum problems: a ‘control variate’ which contains historical full gradient information is used
to correct the bias of local gradients. |[Karimireddy et al.| (2020al) proposed a general framework
(MIME) to translate a centralized optimizer into the FL setting, including adaptive gradient methods.
In|Das et al.|(2020); [Khanduri et al.| (2021a), momentum-based variance reduction is applied to the
FL setting to control the noise of the stochastic gradients. InDas et al.|(2020), the authors maintained
a server momentum state and a client momentum state, while in Khanduri et al.| (2021b), the authors
maintained a momentum state and the momentum was averaged periodically similar to the primal
state.

Adaptive gradient methods are also studied in the FL setting. The ‘Adaptive Federated Optimiza-
tion’ Redd: et al.|(2020) method proposed to use adaptive gradients on the server side while the local
gradients are used to update the states of the adaptive gradient methods. Tong et al.| (2020); Wang
et al.| (2022) extend the method in |Reddi et al.| (2020) to include the AMSGrad method. In|Chen
et al. (2020b), the authors first showed the divergence of a naive local AMSGrad method that directly
averages the primal states periodically. The authors then proposed Local-AMSGrad, a method in
which clients update adaptive learning rates locally and average at the synchronization step. At the
server average step, both primal states and local adaptive learning rates are averaged to replace the old
states. More recently, [Chen et al.|(2020b); [Wu et al.|(2022)) proposed to use fixed adaptive learning
rates locally. Finally, another line of research Tang et al.|(2020; 2021); Lu et al.| (2022); |Chen et al.
(2020a)) considers federated adaptive learning rates through the compression approach, these methods
communicate local gradients at every step, but the compression techniques are used to reduce the
communication cost. All these methods study federated adaptive methods in the unconstrained case.
For solving problems with constraint in FL, a related work is Yuan et al.| (2021}, where authors
propose a modified local-SGD method based on the dual-averaging, however, it does not support the
adaptive gradient methods.

Adaptive Gradients in the Non-distributed Learning. Adaptive gradient methods are widely used
in the non-distributed machine learning setting. The first adaptive gradient method i.e. Adagrad
was proposed in|Duchi et al.| (2011)), where the method was shown to outperform SGD in the sparse
gradient setting. Since Adagrad does not perform well under dense gradient setting and non-convex
setting, some of its variants are proposed, such as SC-Adagra (Mukkamala & Hein| 2017) and
SAdagrad (Chen et al.,|2018b). Furthermore, Adam (Kingma & Bal [2014) and YOGI (Zaheer et al.,
2018) proposed to use the exponential moving average instead of the arithmetic average used in
Adagrad. Adam/YOGI is widely used and very successful in deep learning applications; however,
Adam diverges in some settings and the gradient information quickly disappears, so AMSGrad (Reddi
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et al.,|2018)) is proposed, and it applies an extra ‘long term memory’ variable to preserve the past
gradient information to handle the convergence issue of Adam. The convergence of Adam-type
methods is also studied in the literature (Chen et al., 2019;[Zhou et al., 2018; |Liu et al., [2019; |Guo!
et al.| 2021; [Huang et al.| 2021)). Adaptive gradient methods with good generalization performance
are also proposed, such as AdamW (Loshchilov & Hutter, 2018), Padam (Chen et al.| |2018a),
Adabound (Luo et al.| 2019), Adabelief (Zhuang et al.,|2020) and AaGrad-Norm (Ward et al., 2019).

3 PRELIMINARIES

In this section, we introduce some preliminaries. We consider the following formulation of Federated
Learning (FL) with K clients:

K
min {f(x) = % Z {f‘(k)(x) = Eeo) vpr) [F®) (; E(k))]}}' e
k=1

z€EXCRY

For the %, client, we optimize the loss objective f(*) () : X = R which is smooth and possibly
non-convex, and z denotes the variable of interest. X C R% isa compact and convex set. £ (*) ~ D)
is a random example that follows an unknown data distribution D*). The formulation in equation
includes both the homogeneous case i.e. f*)(z) = fU)(z) forany k, j € [K], and the heterogeneous
case i.e. fF)(x) # fU)(x) for some k, j € [K].

Next, we introduce some basics of adaptive gradient methods from a mirror-descent perspective.
Generally, mirror descent is associated with a mirror map ®(x). Given the objective f(x) and
the primal state z; € X at t;;, step, we first map the primal state to the mirror space via the
mirror map y; = V®(x;), then we perform the gradient descent step in the mirror space: y;41 =
y+ —nV f(x4), where 7 is the learning rate, finally, we map y;1 back to the primal space as x4 =
argmin Dg(z, &41), where yrp1 = V®(&441) and Dg(z,y) denotes the Bregman Divergence
TeEX
associated to ®: Do (z,y) = ®(z) — 2(y) — (VP®(y), z — y). Equivalently, the mirror descent step
can also be written as a Bregman proximal gradient step as follows: z;y1 = argmin n(V f(x:), z) +
reX

Dg(z, x;). For the adaptive gradient methods, we uses the following mirror map: ®(z) = 127 Hz,
where H is a positive definite adaptive matrix. Many adaptive gradient methods can be written in the
following proximal gradient descent form:

. 1
Ty = argmin (v, ) + 5@ — )T Hy(x — x), )
TEX

we replace the gradient V f(z) with the generalized gradient estimation v;, besides, we replace H
with H; based on the fact that the adaptive matrix is updated at every step. Next, we show some
examples of adaptive gradients methods that can be phrased as the above formulation. For the
Adagrad (Duchi et al.| 2011) method, we set

1 t
vy =V f(z,&), He = Diag(V/ie), e = n Z’Gz (€)
=1

For Adam (Kingma & Ba, [2014)), we have:

Dy = (1= BV f(@,&) + Bior—1, fie = (1 — B2)V (e, &) + Bafir—
vi = 0t/(L=71), pu = fur/(1 =), Hy = Diag(y/pi; + €) @)

where 31, B2, 71, y2 are some constants.

4 LoOCAL ADAPTIVE GRADIENTS VIA DUAL AVERAGING

In this section, we introduce FedDA, a fast adaptive gradient framework for federated constrainted
optimization problems. The procedure of FedDA is summarized in Algorithm|[I] In Algorithm[I] we
perform E global steps and at each global step, every client runs Algorithm 2]
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Algorithm 1 FedDA-Server

1: Input: Number of global epochs E, size of the first mini-batch by, tuning parameters {3, } 2 ;;

2: Inmitialize: Choose xzp € X and each client selects a mini-batch samples Bék)

of size by to
evaluate V f ) (zo, B(()k)) locally and the server averages local gradients to compute vp;

3: forr=0to £ — 1do

4: for the client k € [K] in parallel do

5: (zH_1 I 7'+1 ;) = FedDA-client(z, v, H;)

6:  end for .

7. Compute 2,11 = + S5, z£+)171;

8:  Compute 41 = argmin{—(z, z-11) + 3 (x — z.) T H.(z — z-) };
TEX

9:  Compute ;41 = 7 Zszl 1/512171, H.1 =V(H;, 2741, 6:);

10: end for

Algorithm 2 FedDA-Client (x,,v,, H;)

1: Input: Number of local steps I, mini-batch size b, tuning parameters {7, 41 }1 g, {otr 114} 1s
Initialize: (7421 0= Tr; 1/£+)1 0="Vr; 2 gi)l 0=0;
forz-OtoI—)ldo " "
k k k
Compute Z‘E’+1,i+1 =211 — M1,V 4
k . k 1 k k .
Compute 33(7+)1,z'+1 = arger/réln{—@, Z£+)1,¢+1> + 5w - x(r-quo)THT(m - x(r-|21,0) %
x
k k k k k k .
6:  Compute V7(—+)1,i+1 = Z/l(l/iﬁu, xS—le,i+1’ x(r+)1,i§ Q7 4+1,i+1, 65421,141)’ where B£+)1,i+1 182
minibatch of size b of random samples from the client k;
7: end for

8: Output: Send zgi)l I V_I(_li)l’ ; to the server.

In Algorithm [2] clients receive the current model weight x,, gradient estimation v, and adaptive
gradient matrix H,. The clients then perform I local training steps line 3- line 7 in Algorithm 2]

For each step, we ﬁrst accumulate the dual state in the variable z (hne 4), then we calculate the
local primal state 1’ (hne 5), which is a proximal gradient step 51m11ar to equatlon Note that for
many constraints, the proximal operators are well defined and require minor extra computational
overhead. The function of this step is to map the aggregated dual state z( ) back to the pr1mal space
and we use the primal state to query the gradient to update the estlmatlon of the gradient V (hne
6). Note that we use a fixed adaptive matrix H, during local steps, this makes the clients share the
same dual space. In line 6 of Algorithm [2| we update the gradient estimation 1/( ) . The update rule

U(-) is general, e.g.,the momentum-based variance reduction update equatlonland the momentum
update equation @ as follows (a;; is a momentum coefficient):

k k k k k
§+)1 i+1 Vf( )( (7421 z+1767('—'21 7,+1) + (1 - O‘T+1,i+1)( T+1 i Vf(]C ( (7-31,17 35421 H—l))
5

and

k k k k
V£+)1,i+1 = a7+1,i+1vf( )( (T+)1 ¢+1755+)1,i+1) + (1 - Ofr+1,i+1)V£+)1,i (6)

After the client finishes Algorithm it returns the aggregated local dual states 2™ and the local

T4+1,1
gradient estimation 1/511)17 ; to the server. The server first averages the local dual states (line 8 of
Algorithm|[T) to get z 1. We can average local dual states as all clients have a common dual space.
The server then calculates the new primal states x4 as in line 9 of Algorithm [T} Next, the gradient
estimation v is also updated by averaging local gradient estimates (line 10 of Algorithm|[I). Finally,
we update the adaptive matrix H (line 11 of Algorithm[I)). The update rule V is general, e.g.,

fir1 = Bri122 1 /41,01 + (1= Bry)pir, Hra = Diag(\/lir 11 + €) 0
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and

pri1 = Broallzrgall/mrer -1 + (1 = Bry)pir, Heyr = (r 1 +€)1g ®)

where we set g = 0, € is some constant. In summary, Algorithm [[]aggregates and averages dual
states at each global round. The adaptive matrix H; is fixed during local updates and is refreshed on
the server side at each global round. Since the algorithm uses a new mirror map (adaptive gradient
matrix) at each global round, we name the strategy as restarted dual averaging.

Remark 4.1. A notable characteristic of FedDA is the dual-averaging strategy in local updates, this
contrasts with the ’primal averaging’ strategy used by many existing adaptive FL algorithms (Pra-
neeth Karimireddy et al., 2020). In fact, dual-averaging is essential for FedDA to solve federated
constrained optimization problems, due to the fact that primal and dual states are connected through
a non-linear mapping (i.e. the projection operation).

Remark 4.2. By choosing different update rules ¢/ and V, we can create many variants of FedDA. An

representative is FedDA-MVR, in which we update ug? with momentum-based variance reduction

( equation[5) and the adaptive matrix H, with an exponential average of the square of the gradient
(equation[/). In the subsequent discussion, we focus on this variant and perform both theoretical and
empirical analysis, and defer the discussion of other variants to the appendix.

5 THEORETICAL ANALYSIS

In this section, we provide the theoretical analysis of our FedDA framework; more specifically, we
focus on the analysis of FedDA-MVR. FedDA-MVR uses equation [7|to update the adaptive matrix
H, and equation

to update the gradient estimation 1/5{?. We first state the assumptions we need in
our analysis:

5.1 SOME MILD ASSUMPTIONS

Assumption 5.1 (Bounded Client Heterogeneity). The difference of gradients between different
workers are bounded: |V f*)(z) — V ) (2)||? < ¢2, V&, £ € [K].

We measure the heterogeneity of the clients in terms of gradient dissimilarity. The above assumption
or its similar form is also exploited in the analysis of other FL. Algorithms, such as in|Khanduri et al.
(20214a); Das et al.|(2020).

Assumption 5.2. The function f(x) is bounded from below in X, i.e., f* = inf,cx f(x).

Assumption 5.3 (Unbiased and Bounded-variance Stochastic Gradient). The stochastic gradients
are unbiased with bounded variance, i.e. B[V ) (z; ¢¥))] = V f(¥) () and there exists a constant
o such that ||V f) (2; €F)) — VB (2)[]2 < 02,V EF) ~ D)V k€ [K]

Assumption [5.2] guarantees the feasibility of the Federated Learning problem equation[I} and As-
sumption [5.3|is widely used in stochastic optimization analysis.

Assumption 5.4. The adaptive matrix H is symmetric positive definite, i.e. there exists a constant
p > 0suchthat H; > plg = 0, Vt > 1,

In our analysis, we assume the adaptive matrix is positive definite, and this requirement can be easily
satisfied by many adaptive gradient methods. Firstly, most adaptive gradient methods always have
non-negative adaptive learning rates, such as equation[3]and equation4] To make it positive, we can
add a bias term € such as in the Adam update rule equation

Assumption 5.5 (Sample Gradient Lipschitz Smoothness). The stochastic functions f*) (x, %))
with €% ~ D®) for all k € [K], satisfy the mean squared smoothness property, i.e, we have
E[[Vf®) (2;:6W) = V[P (y; €M) |? < L?||2 — y|? for all z,y € R?

The smoothness assumption above is a slightly stronger requirement than the standard smooth
condition, but this assumption is widely used in the analysis of variance reduction methods, such as
SPIDER [Fang et al.|(2018) and STORM |Cutkosky & Orabona| (2019).
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5.2 CONVERGENCE PROPERTY OF FED-MVR

In this subsection, we study the convergence property of our FedDA-MVR variant. For convenience
of discussion, we redefine the subscript t = 71 + 4, i.e. we denote the ¢ step as the 7 local step in the
7 global round. Similarly, we denote the total number of running steps as 7' = EI. We analyze our
algorithm through the following measure:

2
Ge = 517 = el + 7 = V£ @) ©
t

where 7, denotes the average gradient estimation at the ¢, step and Z; denotes the virtual global
primal state at the ¢, step (see Section B.2 in the appendix for formal definitions). In Remark B.18
of the appendix, we discuss the intuition of the measure G;. In particular, in the unconstrained case
i.e. when X = R?, the measure upper-bounds the square norm of the gradient. Therefore, the
convergence of our measure G; means the convergence to a first-order stationary point. Now, we are
ready to provide the main result of our convergence theorem.

. . _ pK*?_ 96L? p —
Theorem 5.6. In Algorlthm given the parameter k = *~—, ¢ = Kpr T LR W=

max{2,483I1° K35}, by > 1, b > 1, 8 > 0 and choose learning rate 1; = m the

momentum coefficient oy = cn?, the adaptive gradient coefficient 3; = (3 and the mini-batch size of
b1 for the first iteration and b for other iterations, then we have:

T-1

1 96 LKO-512 oL . 72K T 3K05]2 )
f 2 ]E[gf] < |: T + K2/3T2/3:| (f(l’o) - f ) + |: blT + 2b1K2/3T2/3:| g
48 K052 1 o? 2¢?
+19 x( - +K2/3T2/3) (4b+21) og(T +1)

Note, by choosing a proper value of local updates I and using a minibatch of samples for the first
iteration to decrease the noise, our result matches the best known convergence rate for stochastic
federated gradient methods |[Khanduri et al.|(2021a), i.e. our algorithms has sample complexity of
O(e~1%) with a linear speed up w.z¢ the number of clients K. More formally, we have the following
corollary:

Corollary 5.7. Suppose in Algorithm we set I = O((T/K3-°)'/5), and use sample minibatch of
size O(K°-°I2) in the initialization, then we have: % Zle <]E[gf]) = O(W), and to reach

an e-stationary point, we need to make O(K ~'e~1%) number of steps and need O(K ~0-25¢~1-2%)
number of communication rounds.

As shown by Corollary FedDA-MVR achieves iteration complexity O(K ~!e~!-5) which matches
the optimal rates of non-convex stochastic optimization (Arjevani et al., [ 2019)). In contrast, FedDu-
alAvg (Yuan et al., 2021) shows the convergence rate of O(e~2) for the general non-convex objective
under the strong the bounded gradient assumption. Our FedDA-MVR achieves a faster convergence
rate and does not require the bounded gradient assumption. As for the communication complexity, we
reach O(K ~92%¢=12%) Some methods achieve O(¢~') communication rate such as STEM (Khan{
duri et al.,2021a) and FAFED (Wu et al.| 2022). However, STEM does not consider the adaptive
gradient methods nor the constrained setting; FAFED considers the adaptive gradient methods, but it
requires the strong assumption of bounded gradient and only considers the unconstrained setting.

6 EXPERIMENTS

In this section, we perform experiments to verify the efficacy of the proposed adaptive FL frame-
work FedDA on federated biomarker identification task and the general classification task. More
specifically, we consider the variant of FedDA-MVR here, and defer experiments for other variants
to Section A of the appendix. We consider three sets of experiments: Colorrectal Cancer Survival
Prediction, Splice Site Detection and a general multiclass image classification task. All experiments
are run on a machine with an Intel Xeon Gold 6248 CPU and 4 Nvidia Tesla V100 GPUs. The code is
written in Pytorch. We simulate the Federated Learning environment through the Pytorch.distributed
package.
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Figure 1: Results for the PATHMNIST Yang et al.| (2021)) dataset. Plots show the Train Accuracy,
Test Accuracy, Density vs Number of Rounds (E in Algorithm I)) respectively. The post-fix of L;
means the L constraints. Number of local steps I is chosen as 5.

Train Accuracy

= FedAvg
FedDAMVR
- FedDualAvg-Ly

— FedAvg

-~ FedDualAvg-GL
== FedDAMVR-GL

300
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Figure 2: Results for the MEMset Donar Dataset Meier et al.|(2008)). Plots show the Train Loss, Train
Accuracy and the Correlation Coefficient (between prediction and targets). The post-fix of L; means
L, constraints and GL means Group Lasso constraints. Number of local steps [ is chosen as 5.

6.1 COLORRECTAL CANCER SURVIVAL PREDICTION WITH BIOMARKER IDENTIFICATION

In this subsection, we consider a colorrectal cancer prediction task on the PATHMNST dataset (Yang
et al., 2021} |Kather et al., 2019)), which contains 9 different classes and 89996 training images. We
equally randomly split the training set into 10 clients. We use the original test set for the metric.
In this task, we impose the L; sparsity constraint to identify biomarkers. We compare with the
following baselines: FedAvg (McMahan et al.,2017)) and FedDualAvg (Yuan et al., 2021)). For our
FedDA-MVR, we train with and without the L constraint.

The results are summarized in Figure [T} the plots are averaged over 5 independent runs and then
smoothed. In Figure|l} FedDualAvg and FedDA-MVR-L; consider the L constraint, while FedAvg
and FedDA-MVR do not. We show results of Train/Test Accuracy and also the number of non-zero
(below a threshold) elements in the parameter (the rightmost plot in Figure[T). As shown in the plots,
FedDA-MVR-L; outperforms unconstrained FedDA-MVR in all metrics, in particular, FedDA learns
a much sparser model and therefore can better identify important factors for cancer survival than
other methods. Furthermore, FedDA-MVR-L; also outperforms FedAvg and FedDualAvg in all
metrics. This shows that our algorithm can effectively exploit adaptive gradient information in the
constrained case. For more details of this experiment, please refer to Section A.1 of the appendix.

6.2 SPLICE SITE DETECTION WITH BIOMARKER IDENTIFICATION

In this subsection, we consider a splice site detection task on the MEMset Donar Dataset (Meier et al.|
2008)). Splice sites are the regions between coding (exons) and non-coding (introns) DNA segments.
Splice site detection plays an important role in gene finding. We follow the train/test split in (Meier|
et al.,2008) and then randomly split the training set to 10 clients. Group Lasso is widely used to solve
the splice site detection problem, so we use FedDA-MVR with the Group Lasso constraint in the
experiments. For the baselines, we compare with FedAvg (McMahan et al., 2017), FedDualAvg Yuan
et al.|(2021) and FedDA-MVR without constraints. For FedDualAvg, we consider the L; constraint
and Group Lasso constraint.

The results are summarized in Figure 2] the plots are averaged over 5 independent runs and then
smoothed. As shown in the plots, FedDA-MVR-GL outperforms unconstrained FedDA-MVR and
FedDA-MVR-L;. In fact, FedDA-MVR-GL gets better performance by identifying meaningful
feature groups. Furthermore, FedDA-MVR-GL also outperforms FedAvg and FedDualAvg-G'L
(FedDualAvg-L,). This shows that our algorithm can effectively exploit acceleration of adaptive
gradients. For more details of this experiment, please refer to Section A.1 of the appendix.
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Figure 3: Results for (Homogeneous) CIFAR10 dataset (Top) and FEMNIST (Bottom). From left to
right, we show Train Loss, Train Accuracy, Test Loss, Test Accuracy w.r.t the number of rounds (E in
Algorithm[T), respectively. I is chosen as 5.

6.3 IMAGE CLASSIFICATION TASK WITH CIFAR10 AND FEMNIST

Note that FedDA is a general framework for FL and it can solve both constrained biomarker identifi-
cation tasks and also the general unconstrained tasks. So, in this subsection, we consider an uncon-
strained image classification task. More specifically, we consider two datasets: CIFAR10 (Krizhevsky
et al., [2009) and FEMNIST (Caldas et al., 2018)). We construct both homogeneous and heteroge-
neous cases based on CIFAR10. For the homogeneous case, we uniformly randomly distribute
them into 10 clients and for the experimental setting of the heterogeneous case, please see Ap-
pendix A.3. FEMNIST is a Federated dataset of hand-written digits; it contains hand-written digits of
3550 users. Data distribution of FEMNIST is heterogeneous for different writing styles of people.
In this task, we compare our method with the following baselines: the non-adaptive methods: Fe-
dAvg (McMabhan et al.|[2017), FedCM (Xu et al.,[2021b), STEM (Khanduri et al.,[2021a) and adaptive
methods: FedAdam (Reddi et al.| 2020), Local-Adapt (Wang et al., 2021)), Local-AMSGrad (Chen
et al.,|2020b), MIME-MVR (Praneeth Karimireddy et al., [2020). FedAMS (Wang et al., [2022) and
FedAMSGrad (Tong et al.,[2020) get similar performance as FedAdam, so we omit it in the plots.

For all methods, we tune their hyper-parameters to find the best setting. The results are summarized
in Figure [3] the plots are averaged over 5 runs and then smoothed. As shown in the figures, our
FedDA-MVR outperforms all baselines. In addition, the FedAvg algorithm has competitive training
performance; however, it tends to overfit the training data severely and suffers most from the
heterogeneity. Then we observe that adaptive methods in general get better train and test performance.
Finally, the superior performance of our method compared with the three adaptive baselines shows
that our method exploits adaptive information better; for example, MIME-MVR also exploits the

momentum-based variance reduction technique, but it fixes all optimizer states during local updates,

in contrast, we only fix the adaptive matrix but update the momentum I/t(k), k € [K] at every step.

For the full set of experiments, please refer to Section A.1 and A.2 of the appendix.

7 CONCLUSION

In this paper, we proposed the FedDA an adaptive gradient framework for federated constrained
optimization. FedDA incorporates various adaptive gradients and momentum-based acceleration
methods. More specifically, we adopt the Mirror Descent view of adaptive gradients and propose to
maintain and average the dual states in the training, meanwhile we fix the adaptive matrix during
local training such that the dual spaces are aligned among clients. We also analyze the convergence
property of our Framework: for the variant FedDA-MVR, we proved that it reaches an e-optimal
stationary point with O(K ~1e~1-5) gradient queries and O (K ~%-2%¢~1-25) communication rounds.
Finally, we validate our algorithm for both biomarker identification tasks and general unconstrained
image classification tasks. The numerical results show the superior performance of our algorithm
compared to various baseline methods.
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A EXPERIMENTAL DETAILS AND RESULTS

In this section, we add additional experiments. In Section A.1, we consider more variants of FedDA
besides FedDA-MVR. More specifically, we consider four variants of FedDA. We introduce two
cases for the update of the adaptive matrix H.- in equation(/|and equation [8|and we denote them as
case 1 and case 2, similarly, we denote equation [5]and equation[6]as case 1 and case 2 of gradient
estimation respectively. So we have four different variants, we denote them as FedDA-:-j, for
i,7 € {1, 2}, where i shows the choice of gradient estimation and j shows the choice of adaptive
matrix update rule. Note FedDA-MVR corresponds to FedDA-1-1 as we choose Case 1 of gradient
estimation and Case 1 of adaptive matrix update in Algorithm[I} We also introduce more details such
as the hyper-parameter choices. Then in Section A.2, we perform some ablation studies and compare
our FedDA with other baselines in more detail; In Section A.3, we include experiments when we
construct heterogeneous dataset from CIFAR10; Finally in Section A.4, we show the form of our
FedDA when I = 1, i.e. no local steps.

A.1 EXPERIMENTAL RESULTS FOR MORE VARIANTS OF FEDDA

A.1.1 COLORRECTAL CANCER SURVIVAL PREDICTION WITH BIOMARKER IDENTIFICATION

B
¥
Test Accuracy

Train Accuracy
3
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Figure 4: Results for the PATHMNIST dataset. Plots show the Train Accuracy, Test Accuracy,
Density vs Number of Rounds (E in Algorithm|[T) respectively. The post-fix of L; means we consider
the L, constraints.

In this task, for L, constraint, we consider the constraint set of |z|; < e, where x is the model
parameter and € is some constant. We use a 4-layer convolutional neural network with 32 filters at
each layer. We have 10 clients and run 20000 steps (7"), average states with interval 5 (I) and use
mini-batch size of 16. Besides, we calculate density with threshold 0.01. For other hyper-parameters,
we perform grid search and choose the best setting for each method. More specifically, for the SGD
method, we use learning rate 0.01; for the FedDualAvg algorithm, we use local learning rate 0.1,
global learning rate 0.1, L; constraint 0.01; for our FedDA-MVR, we use learning rate 0.01, w as
100000, ¢ as 5000000, 5 as 0.999 and 7 as 0.01, for the ,; regularized version FedDA-MVR-L{, we
also add L, constraint € = 0.01. For other variants of FedDA: for FedDA-2-1, we use learning rate
0.001, av as 0.9, 5 as 0.999, 7 as 0.01; for FedDA-1-2, we use learning rate 1, w as 10000, ¢ as 200, 3
as 0.999, 1 as 0.001, Ly constraint 0.01; for FedDA-2-2, we use learning rate 0.01, a 0.9, 5 as 0.999,

7 as 0.01, Ly constraint 0.01.

The experimental results for different variants of FedDA is summarized in Figure[d] As shown by the
plots, all variants of FedDA get good performance, but we find FedDA-MVR (FedDA-1-1) gets most
sparse model as measured by the density metric.

A.1.2 SPLICE SITE DETECTION WITH BIOMARKER IDENTIFICATION

In this task, for group lasso constraint, we consider the constraint set of Zgzl |mq |2 < e, where x
is the model parameter, ¢ is the number of groups, x, denotes a subset of parameters of group g, €
is some constant. The MEMset donor data set consists of a training set of 8415 true and 179,438
false human donor sites, and a test set of 4208 true and 89,717 false donor sites. A sequence of a
real splice site consists of the last three bases of the exon and the first six bases of the intron. A
training sample is a sequence of length of 7 with values in {A, C,G,T}. The data are available
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Figure 5: Results for the MEMset Donar Dataset. Plots show the Train Loss, Train Accuracy and the
correlation coefficient, respectively.

at http://hollywood.mit.edu/burgelab/maxent/ssdata/. We follow Meier et al.
(2008) to create a balanced training set with 5610 true/false samples and an unbalanced validation
set with 2805 true/59804 false samples. We have 10 clients and randomly evenly distribute the
training data over 10 clients. We consider the logistic regression model with group lasso constraint
and include all the three-way and lower order interactions. In the experiments, we run 2000 steps
(T'), average states with interval 5 (I) and use mini-batch size of 16. For other hyper-parameters, we
perform grid search and choose the best setting for each method. More specifically, for the FedAvg
method, we use learning rate 0.1; for the FedDualAvg algorithm with L constraint, we use local
learning rate 0.1, global learning rate 0.2, Ly constraint 0.01; for the FedDualAvg algorithm with
group lasso constraint, we use local learning rate 0.1, global learning rate 0.5, L; constraint 0.01;
for our FedDA-MVR, we use learning rate 0.1, w as 10000, ¢ as 40000, 3 as 0.999 and 7 as 0.01,
for the L; constrained version FedDA-MVR-L1, we also add L; constraint 0.01, for the group lasso
version FedDA-MVR-GL, we also add group lasso constraint of coefficient 0.01. For other variants
of FedDA: for FedDA-1-2, we use learning rate 1, w as 10000, ¢ as 200, 5 as 0.999, 7 as 0.001, group
lasso constraint 0.01; for FedDA-2-1, we use learning rate 0.001, « as 0.9, /5 as 0.999, 7 as 0.01,
group lasso constraint 0.01; for FedDA-2-2, we use learning rate 0.01, « 0.9, 5 as 0.999, 7 as 0.01,
group lasso constraint 0.01.

The experimental results for different variants of FedDA is summarized in Figure[5] As shown by
the plots, all variants of FedDA get good performance, but we find FedDA-MVR (FedDA-1-1) gets
the highest test correlation coefficient among all variants. Note that the correlation coefficient is the
maximum (among all possible threshold, and we find 0.95 is the best value for all methods) Pearson
correlation between the binary random variable of the true class membership and the binary random
variable of the predicted class membership.

A.1.3 IMAGE CLASSIFICATION TASK WITH CIFAR10 AND FEMNIST

In this unconstrained federated image classification task, we use a 4-layer convolutional neural
network with 64 filters at each layer. For the FEMNIST dataset, we randomly sample 50 users at
each global round. We run 20000 steps (T'), average states with interval 5 (/) and use mini-batch
size of 16. For other hyper-parameters, we perform grid search and choose the best setting for each
method. In the CIFAR10 related experiments, for the SGD method, we use learning rate 0.005; for
the FedCM algorithm, we use learning rate 0.01, momentum coefficient « as 0.9; for the FedAdam
algorithm, we use local learning rate 0.001, global learning rate 0.002, momentum coefficient 0.9,
coefficient for adaptive matrix /3 as 0.999; for the Local-Adapt algorithm, we use local learning rate
0.001, global learning rate 0.002, momentum coefficient 0.9, coefficient for adaptive matrix 3 as
0.999; for the Local-AMSGrad algorithm, we use learning rate 0.001, momentum coefficient 0.9,
adaptive matrix coefficient 0.999; for the MIME-MVR algorithm, we use learning rate 0.1, w 100, ¢
as 2000; for the STEM algorithm, we use learning rate 0.1, w 100 and ¢ 2000; for our FedDA-MVR,
we use learning rate 0.02, w as 10000, ¢ as 1000000, 5 as 0.999 and 7 as 0.01. For other variants of
FedDA: for FedDA-2-1, we use learning rate 0.001, a as 0.9, 5 as 0.999, 7 as 0.01; for FedDA-1-2,
we use learning rate 1, w as 5000, c as 100, 5 as 0.999, 7 as 0.01; for FedDA-2-2, we use learning
rate 0.01, « 0.9, 5 as 0.999, 7 as 0.01.

Then in the FEMNIST experiments, for the SGD method, we use learning rate 0.1; for the FedCM
algorithm, we use learning rate 0.1, momentum coefficient o as 0.9; for the FedAdam algorithm,
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Figure 6: Results for CIFAR10 dataset. From left to right, we show Train Loss, Train Accuracy, Test
Loss, Test Accuracy w.r.t the number of global rounds (E in Algorithm|[I)), respectively.
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Figure 7: Results for FEMNIST dataset. From left to right, we show Train Loss, Train Accuracy,
Test Loss, Test Accuracy w.r.t the number of global rounds (E in Algorithm[T), respectively.

we use local learning rate 0.02, global learning rate 0.04, momentum coefficient 0.9, coefficient for
adaptive matrix 3 as 0.999; for the Local-Adapt algorithm, we use local learning rate 0.02, global
learning rate 0.02, momentum coefficient 0.9, coefficient for adaptive matrix 5 as 0.999; for the
Local-AMSGrad algorithm, we use learning rate 0.0005, momentum coefficient 0.9, adaptive matrix
coefficient 0.999; for the MIME-MVR algorithm, we use learning rate 1, w 10000, c as 400; for the
STEM algorithm, we use learning rate 1, w 10000 and ¢ 400; for our FedDA-MVR, we use learning
rate 0.02, w as 10000, ¢ as 1000000, 3 as 0.999 and 7 as 0.01. For other variants of FedDA: for
FedDA-2-1, we use learning rate 0.001, «v as 0.9, 5 as 0.999, 7 as 0.01; for FedDA-1-2, we use
learning rate 1, w as 5000, c as 100, 8 as 0.999, 7 as 0.01; for FedDA-2-2, we use the learning rate
0.01, « 0.9, 3 as 0.999, 7 as 0.01.

The experimental results for different variants of FedDA is summarized in Figure[6|and[7] As shown
by plots, all variants of FedDA get good performance. FedDA-MVR (FedDA-1-1) gets the best
performance in most metrics, we observe that its test loss show some extent of overfitting in the late
training stage.

A.2 MORE DISCUSSION OF EXPERIMENTAL RESULTS

In this subsection, we make more detailed comparison between our FedDA and other baselines
(The experiments are over homogeneous CIFAR10 dataset). In Figure [8) we compare FedCM with
FedDA-2-1 and FedDA-2-2 for different values of local steps I. Since FedDA-2-1 and FedDA-2-2
do not use variance reduction acceleration, the superior performance shows the effectiveness of
using adaptive gradients in our framework. Next, In Figure 0] we compare Local-AMSGrad vs
FedDA-2-1 for different values of I, FedDA-2-1 outperforms Local-AMSGrad for all I and with a
greater margin for larger /. Note both Local-AMSGrad and FedDA-2-1 use Adam-style adaptive
gradients (equation[6]and equation [7)) and have same communication cost per epoch. In Figure
we compare FedAdam and Local-Adapt with FedDA-2-1. All methods use Adam-style adaptive
gradients. FedAdam only performs adaptive gradients over the server, Local-Adapt performs both
local and global adaptive gradients, but the state of the local adaptive gradient is refreshed per epoch.
We have two observations: First, the Local-Adapt method has very marginal improvement over
FedAdam, which shows the restarted strategy used by Local-Adapt is less effective than our method;
Second, both FedAdam and Local-Adapt benefit little from increasing the I value (compared to our
FedDA-2-1). For FedAdam, this shows the limitation of only applying adaptive gradients at the server
level. Finally, in Figure[IT] we change I for all four variants of our FedDA. As shown by the figure,
our framework can benefit from more local steps.
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Figure 8: Comparison between FedCM vs FedDA-2-1 and FedDA-2-2. From top to bottom, we show
I = 5,10, 20 respectively. The number inside the parentheses is the value of I.
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Figure 9: Comparison between Local-AMSGrad vs FedDA-2-1. From top to bottom, we show
I = 5,10, 20 respectively. The number inside the parentheses is the value of 1.

A.3 IMAGE CLASSIFICATION TASK WITH HETEROGENEOUS CIFAR10

For the heterogeneous case, we create heterogeneity in the training set as follows: Suppose we have
10 clients, for iy, client, we distribute p-percent samples of iz, class, and (1 — p)/9-percent samples
of other classes, where 0 < p < 1. Note for p close to 1, the iy, client will be dominated by images
of 4y, class, thus the data distribution among clients will be very different. In our experiments, we
choose p = 0.8. This means the i, client has 4000 images of ¢, class and 111 images of other
classes. This creates a high level of heterogeneity.
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Figure 11: Ablation study of local steps I. From top row to the bottom row, we show results for
FedDA-1-1, FedDA-1-2, FedDA-2-1 and FedDA-2-2. The number inside the parentheses is the value

of I.

For hyper-parameters, we perform grid search and choose the best setting for each method. For
the SGD method, we use learning rate 0.01; for the FedCM algorithm, we use learning rate 0.01,
momentum coefficient v as 0.9; for the FedAdam algorithm, we use local learning rate 0.001, global
learning rate 0.002, momentum coefficient 0.9, coefficient for adaptive matrix 3 as 0.999; for the
Local-Adapt algorithm, we use local learning rate 0.001, global learning rate 0.002, momentum
coefficient 0.9, coefficient for adaptive matrix 3 as 0.999; for the Local-AMSGrad algorithm, we use
learning rate 0.001, momentum coefficient 0.9, adaptive matrix coefficient 0.999; for the MIME-MVR
algorithm, we use learning rate 0.1, w 100, c as 2000; for the STEM algorithm, we use learning rate
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Figure 12: Results for heterogeneous CIFAR10 dataset. From left to right, we show Train Loss, Train
Accuracy, Test Loss, Test Accuracy w.r.7 the number of rounds (E in Algorithm [I)), respectively. I is
chosen as 5.

0.1, w 100 and ¢ 2000; for our FedDA-MVR/FedDA-1-1, we use learning rate 0.02, w as 10000, c as
1000000, 3 as 0.999 and 7 as 0.01. For other variants of FedDA: for FedDA-2-1, we use learning rate
0.001, av as 0.9, B as 0.999, 7 as 0.01; for FedDA-1-2, we use learning rate 1, w as 5000, c as 100, 8
as 0.999, 7 as 0.01; for FedDA-2-2, we use learning rate 0.01, « 0.9, 5 as 0.999, 7 as 0.01.
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B PROOF OF THEOREMS
In this section, we provide the convergence analysis of our algorithm.

B.1 PRELIMINARY PROPOSITIONS

Proposition B.1. Let {0;},k € K be K vectors. Then the following are true: ||0; + 0;||> <
(L NI + (1 + 511651 for any a > 0 and || 5, 04l < K S5, 1105

Proposition B.2. For a finite sequence 2 € R? for k € [K] define z .= L+ S, 2, we then
have Y-y 1|12 — 2|2 < T, (12512,

Proposition B.3. Let zg > Oand z1, 2o, ..., zp > 0. We have Zthl - < log(1+ EI 150,

+Zt

These propositions are standard results. For proofs, the reader can refer to Lemma 3 of |[Karimireddy
et al.| (2019a) for Proposition 1 and Lemma C.1 and Lemma C.2 in |[Khanduri et al.| (2021a) for
Propositions 2 and 3.

B.2 PRELIMINARY LEMMAS IN LOCAL UPDATES

We first introduce some notation. For 0 < ¢ < I, we denote:

1
W (@) = (e, 28) + @ = 2 Heoa (o — 21), (10)
then, by definition (Line 4 of Algorithm [2), we have:
2 = argmin v (), (11)
reX ’
we also define
~ 1
Vri(@) = =(2, 20 + 5 (2 = 200) " Hroa (@ = 2r0), (12)
where Z; ; = K kK 1 52 is the virtual average of z( ) and z, o = x,. Then we define
577',1' = arg min w‘r,i(x)v (13)
zeX
Remark B.4. Note that the global primal state z; is not the arithmetic mean of the local states mgk) in
general.
Finally, we also define
- 1 1
dri = o (@ri = Ero1), dy] = (@) =) k€ (K], € (1), (14)
Furthermore, recall that by the procedure of Algorithm 2] (line 6), we have
_ 1 _ 1
Pri = ——(Zri = Zrin1), iy = (2] = zl), k€ (K], i € [1), (15)

777',7,' nr,i
Remark B.5. When it is clear from the context, we omit the global epoch 7 in the subscript of the
definitions, i.e. we use wgk)(z), ¥;i(x), x(.k), Z;, d;, dgk), v, I/i(k) and H.

3

Next, we introduce the following lemma related to local updates. We omit the global epoch number 7
in the subscript.

Lemma B.6. Forany i € [I] and k € [K], we have the following inequalities be satisfied:
k) Sk k k k
1™ dP) = pll 1P, 1 = plldf?|
2. (i, d;) >
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3. 0128 =z = pllz - 7|;

K2

Proof. The first and second claims follow similar derivations, and we provide only the derivations
for the first claim. First, if ¢ = 1, we have

1
xgk) = argmin — (z, z%k)> + =(z— x(()k))TH(a: - J;(()k)),
reX 2
by the first-order optimality condition, we have:
<—z§k) + H(xgk) — Jc(()k)),u - x(lk)> >0,Vue X,

choose u = xék) and use the fact that zik) = —1olp, we have:

YN = o, w6 =) > (@ )T H (2l —a?)

k k (k &
770|‘V(())‘|X||$é)*x1 0 ) ()||2

> pl|a

we use the Cauchy-Schwartz inequality in the leftmost inequality and use the strong convexity
assumption of the adaptive matrix in the rightmost inequality, we get the result in the lemma.

Nextif i > 0, by the definition of 1{*) (2), we have:
k), (k K, (k k k k k k k k
9O @) — 6 @) =~ 28— o) 1 L @)~ 2N D + 2l — 20)
(16)
Then by the definition of x( ) , and the first order optimality condition, we have
<—z-(k) + H(x(k) - xék)),u - x(k)> >0, VuedX,

if we pick v = xf+)1, we have —( Z(k), fi)l Ek)) > —(z 7( ) xgk))TH(x,(;k) - x(()k)), plug this

inequality to equation[T6] we have:

1#5 )(xz(‘-lf—)l) - l[’gk)(mi )

1
> —(af) — o) H @ —af?) + S @) — o) H ) + o - 2047
k k k k
> @)~ 2, - a)

2

Similarly for ¢z 1> We have:
k) o (k k) o (k k) (k k k k k k k
7/%(+)1( f+)1) wt(-s-)l( ( )) —(z L(+)17 E+)1 5 )> + 2( £+)1 E ))TH(xz('+)1 +$1( ) - Q:v(() ))

and by the definition of :rgi)l and the first order optimality condition, we can get

(28 + H@®) — a0 u— a8y >0, vue x,

pick u = asgk), we have —(zi(_]i)l,xgi)l—ml(-k)> < —(mgi)l—xl(-k))TH(in)l 2l )) plug this inequality
to the above equality, we have:
k), (k k), (k
7/%(4-)1( §+)1) - 1/%(4-)1(53(' ))
k k k k k k k k k
< 7(x§+)1 ( ))TH( ( ) ( )) 2( ( ) Z( ))TH(I’E-',-)]. ( )72178 ))

+x;

1 & k k k
< *5( £+)1 E ))TH(zz(’+)l - fg ))
Next, by definition of wz(k) (z) and wi(f_)l (z), we have:

k k k k k k
P @) =) @) = P @) — P @) 4o w2 — D)

Finally, we combine the above relations and have:

O )|z® =B || = 0™, 2P =28y > @B~ T H (2P —a®) > pl|a® 2

772||V z+1| i+1”2
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we use the Cauchy-Schwartz inequality in the leftmost inequality and use the strong convexity
assumption of the adaptive matrix in the rightmost inequality, we get the result in the claim of the
lemma.

Next, we prove the third claim, by the definition of ’(/Jl 11> we have:

k k)~ (k k - 1, & - k - k
77[’1(4-)1( z+1) ¢§+)1(9Ci+1> —( 1+)17 §+)1 Tiy1) + 5(335-131 - xi+1)TH(x§+)1 + ZTit1 — 237(() ))

By the definition of xgi)l and first order optimality condition, we have

(— fﬂ—!—H( gi)l—xék)) u—xﬁ)l}ZO, YueX,
pick u = Z;41, we have —(z 1(_’;)1, Ei)l — Zit1) < f(xg_]f_)l - fi+1)TH(5UZ('i)1 - x(()k)). Plug this
inequality back to the above inequality, we have:

e @) - ol @)
< _(955-]7-)1 — &) H(a E-lf-)l - m((Jk)) + 2( §+)1 — Tiv1) H(mz(f-)l + Zip1 — 233((3k))
< _%(wz('i)l - jiJrl)TH(xEﬂ - 55i+l)

Then for ¢); 41 (z), we have:

k s - k) - 1w - k) - -
PPN @D)) = i1 (Fir) = —(Fipr, @) — Fi) + §($E+)1 — Fip1) TH(@$5) + Fiy1 — 220)
By the definition of Z;,; and first order optimality condition, we have:
<72¢+1 —+ H(IEH_l — Ii'o),’u, — 3~3i+1> > 0, Yue X,
pick u = :L'Z(+)1, we have 7<2i+1,xl(.?1 — Tiy1) > f(xglj_)l — &i41)TH (%541 — To). Plug this
mequahty back to the above inequality, we have:
Dirr (@) = Dig1 (Figa)
- - - 1 - - -
> (2 = i) TH (Fi1 — To) + 5(505?1 — &) TH(@), + i1 — 220)
1w . B
> §($E+)1 — Ziy1) H (2, — Tiy1)

Next, since we have xék) = o, then by the definition of ¢, +1( ) and ;4 1 () we have:

k n ~ k _ k ~
P @) — 0 (Fi1) = Disa (@$5)) — i1 (@is1) — () — Zor, 2 — Fip)

Next, we combine the above relations and have:
k _ k - k _ k -
||Zi(+)1 - Zi+1|| X ||xz('+)1 - $i+1|| > <ZZ(+): - Z¢+1,CU1('+)1 - $i+1>
> (k) A TH (k) A > (k) A 2
= (mi+1 Tiy1) (xi+1 Tiy1) > p||xi+1 Ziyl|

where the first inequality is by the Cauchy-Schwartz inequality and the last inequality is by the
positive definiteness of H. This concludes the proof of the first inequality in the lemma. O
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B.3 STATE CONSENSUS ERROR

As each client performs local update, the states i.e. z(k) and V(k) drift away, the following lemmas
bound this difference. We omit the global epoch number 7 in the subscript.

Lemma B.7. For each 0 <1 < I, and suppose iterates zl( ), k € K] are generated from Algorithm
[l we have:

K

K
k) - _
> Elx" —zP < (-1 ZH?ZEIIV -,
k=1 =1 =
where the expectation is w.r.t the stochasticity of the algorithm.

Proof. Based on Algorithm we have z(()k) = 2y = 0, the inequality in the lemma holds trivially.
Otherwise, we have

i—1 i—1
zi(k) = — anl/ék) and Zz; = — Zmz?g.
£=0 £=0

So we have:
i—1

—1 2 K
Z\Iz” zll* = ZHZ nev? =) | < (=1 S S I -l
k=1 /(=1

(=1 k=1

where the equality uses the fact 1/( ) = =y for k € [K], the inequality uses the Proposition and
the fact that we have 1 < I. We get the claim in the lemma by taking expectation on both sides of the
above inequality. This completes the proof. O

Lemma B.8. For i € [I], we have:
K 9 i K
k) 5 4=(I — k)
S - < LIS S E® - o
=1 P21} =1 k=1
where the expectation is w.r.t the stochasticity of the algorithm.

Proof. Firstly, when ¢ = 0, x(k) = X, z§k) Z1, so we have 3:( ) = = 71 by Line 5 of Algorithm

and then we have 79 d(()k) = x(()k) gk) = &0 — &1 = nydy, the inequality in the lemma holds trivially.

Next when ¢ > 0, we have:

k 7 k k ~ ~ k ~ k ~
21 d — 4|12 = ||z — 2] — (@& — Far0)|]? < 20|20 = 7)) + 20l - Fopa |

22k .
S?(Hzf —zi|\2+\|zf+)1—zi+1\|2)

The last inequality uses claim 3 of Lemma|B.6] Sum over k € [K] and use Lemma|B.7} we have:

k (k k _
2Z||d“ dil|> < 2211 —1ZWZE||W) oel|? +22(1 — 1 ZWZE|\()—W||2
=1 k=1 /=1 k=1
<431 -1) ZWZEHW — p|?
(=1 k=1

This completes the proof. O
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B.4 DESCENT LEMMA

In this subsection, we bound the descent of function value f(Z, ;) over the virtual sequence Z ;.

Lemma B.9. Suppose that the sequence {z(k-) }[:—1 be generated from Algorithm then we have

I-1 I—-1
3P777+1 7 nT+1 7 £t 777'+1,i _
FlErn) < f(@) =D < 1 3 dryrall* + T, x4l

1= =0

_ _ k
where e, ; = Uy ; — % Zkzl Vf(k)(xg,z‘))

Proof. Since the function f(z) is L-smooth, we have (we omit the global epoch number 7 for ease
of notation):

Lm

F@it1) < f(@) +(Vf(Ti), Tig1 — T) + %H@H — 3| = (@) —ni(Vf(E), i) + Id; )?

— f(@:) = s (B, di) — mi(V (i) — Py di) + ”Z Id; |

< f(@) — (pmi —
® L\ | 5 PN 3 M N
< 1@~ (om = E Y112 + 2117 + 2 - VP

© 3pm; ; i
< ) - (20 - EEY e+ L

In inequality (a), we use claim 1 of Lemma|B.6} inequality (b) uses Young’s inequality; inequality (c)
denotes e; = ; — V f(Z;). For ¢;, we have: For the 7 global epoch, we sum overi = 0to I — 1, we
have:

I-1 3p?7 L 772 . L I-1 277 L
~ ~ T+1,% T+1,% 7 T4+1,% | =
F@renn) < f@rir0) = ) ( T ) I all® + 3 =2 el

=0 =0

Ln? . - . -
IO = .V £ (1) = 72, )

Follow the update rules in Algorithm [Tjand Algorithm 2} we have 110 = 2, and Zr 41,1 = Zr41.
This completes the proof. O

B.5 GRADIENT ERROR CONTRACTION

In this subsection, we bound the gradient estimation error €, ;, where we have &, ; = 0. ; — V f(Z, )
as defined in Lemma [B.9] additionally, we also define the global gradient estimation error e, as
€ = vr — Vf(x;). Note we have e, = &, = €,41,0. We first show a fact about &y, the initial
gradient estimation error.

Lemma B.10. Foreq := vy — V f(x0), suppose we choose mini-batch size 0f|B(()k)\ =0,k € [K]]

we have: E|leg||? < b?i('

Proof. By line 1 of Algorithm|[T] we have:

1 K 2
Elleol® =E|lvo — 7= > V) (w0)
k=1
K
1

—EHKZW( (0: ) ~ Zvﬂk 7o)

k=1
@ 1 & . ) g2
< KQZEHVf(k)(xo;B(() )) —Vf(k)(xo) < WK

k=1
where (a) follows from the following From the unbiased gradient assumption, we have:
E[Vf® (x(()k); B(()k))} vk ( ) for all k € [K]. Moreover, the samples B(()k) and B((f) at
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the k" and the /" clients are chosen uniformly randomly, and independent of each other for all
k,¢ € [K]] and k # {. Inequality (b) results from the bounded variance assumption. This completes
the proof. O

Lemma B.11. Define e, ; == v, ; — % Zszl Vf(k)(im), then for every T > 1 and i > 1, suppose
a; < 1 and clients use batchsize b in the training, then we have:

-1

256(1
Elleril” < (1 = ari)?Elleri-a|* + Z ZZE”VTZ — r?
82, (L? . 4a? 02
— D Bl|d, 2
L L

where the expectation is w.r.t the stochasticity of the algorithm.

Proof. Consider the error term ||&;]|?

we have:

, 1 > 1 (we omit the global epoch number 7 for ease of notation),

2
Ele|® =E

1 K
v Z v ()
H va(k) (k). B ) (l—a-)(u- 1_1§:Vf(k)(x(k).6(k))> _iivf(k)(j.) 2
K ' " K k=1 B K k=1 Z
K
= EH}{ > ( (VI @ B) = v @)
k=1
— (1= ap) (VW @) B) - v 5 ® @»))) + (1~ )i
K
V® @B — v r®) ()
S[(v )
— (1= ) (VW @B BP) - V(1)) |

(k) (k). (k) _ 7 £(k) (.(F)
kz[(w ) = VM )

2

B 1
= (1 - a;)’Elle;i—1|]* + 2L

2

2
< (1 — )’ Bl |* + ﬁE

2

(1) (VIO BY) - VO EE D)) |

K

> [(VP@D) = vP@)) - (1= ai) (VO @) - VP (@) |

2
+—E

<(1—a)’Eléi—1]> + —5 ZEH(vf ) ((0), gk)y Vf(k)<$l(k>))

2

—(1— Oéi)(Vf(k)( Ek)l’B(k)) Vf ( (k) ))

2

+— H Vf(k)( (k)) vi®(z ))7(1,0%) (Vf(k)(xgli)l)7vf(k)(ji_1))

where the first equality uses the definition of 7;; last equality follows from expanding the norm
using the inner products across k € [K] and noting that the cross terms of the second term is zero in
expectation because of the samples are sampled independently at different workers.
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We first consider the second term above
E[|(V® (2P; BV) - Vf““)( D) = (1 =) (VP @ B - v @)
= E[|(1 - a)) (VP (@7; B) = vF®) 2()) — (VO (@ B) - Vf (x“ﬁ))]

| 2

3

+az(Vf (s B"“) v ““)H

< 2(1 - oy)?E|| (V@ (@F; By — v @ 2P BH)) — (7@ @) - v @ @®))|)?
+202E(|V f®) (2(7); B(k)) vtk x§k> )|1®

< 21— i) ’E[[ VP 27; BM) = VO @) B[P + 20307 b

< 2(1 — ;)2 L2E ||z — 2|12 + 20202 /b < 2(1 — )2 L2072 ,E[|ld™), |2 + 20202 /b

<A(1 = @)’ L7 Elld, — dia]? +4(1 = @) L7 Elldi 1 ||* + 2030 /b

where we use Proposition in the first inequality and the bounded variance assumption in the
second inequality.

For the third term, we have:
E|V® @) - vE (@) — (1 - a) (VIO @) - v @) ||
¢ 2|V f® () — V1O (3)||” + 2B (1 — i) (VP (@) = V@ (z_0)) ||
<2L%E||zY — 7| + 2L2(1 — i) B[« — & ||

() 22 2L%(1 — a;)?
L L s (pza)EHZz(k)l —zi|”

k2
where (a) uses Proposition [B.T} (b) uses claim 3 of Lemma[B.6}

Finally, we combine the above inequalities together to get'

4041202 8n? .
Elel? < (1 - a)?Elles | + L ZEnd —d|?

bK
+78771'2*1L2]E||ci 1HQ+—8L El|z" — z|° + B[z, -z |
K - Kp? e~ ! ’ et
40202 128(1 — 1)L? <2
2ms. |2 i _ 2
< (1= 0Pl + i + £Z ZEH ~ 7l
1617 4 L L S .
+T1Eudz 7+ LD A Sy 0 g2
=1 k=1
< (1 - 0Bl + 2022
— K3 11— bK
St L2 o 256(1—1)L2n ) o
% Elld;—1| +K7p2;774 ;EHW szl
The first inequality the assumption that o; < 1; the second inequality uses Lemma [B.7] and
Lemma B.8] This completes the proof. O

Lemma B.12. For 7 > 0 and i € [I]. Suppose we have 1, ; = and have o; < 1,

Kk
(wr,i+i+TI)1/3”

Wri > 2, N7 < qgpjposye be satisfied, we have:
-1
Kp (11‘3||<fr+1||2 E€r||2) BMrttipo 2 2
— < — ~E|leri1,i L,
6412 Nrt1.0-1 Nrd—1 Zz; 2p H T+1,0 vard T+1,%
2,.2,3 I K
o5 C N P 8I(I —1) (k) .
+ Z 16bL2 P Z Mr+1,6 Z]E”VTH,@ -
(=1 k=1
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Proof. Using Lemma[B.TT]at the global epoch 7 — 1, then for i > 0 (we denote 7, 1 = 7, 1,71
for all 7 > 1), we have:

Elléri+1l>  Eller]”

Nri Nri—1
(1—arip1)? 1 256 S
— Wri+1 — k —
< - —— Ellenl? + Z ¢ B[] — o l?
777',1 777,271 — =1
8L%0ri 5 p2 , 4031107
l ]E d7—7l El
+ ST g | T
(@) _ B 512(1
< (77 = iy = enra) Ellenl* + Z’?MZEHVT@
(=1
SL Nr,i 37 2 4 2027731
~E|d-; —
+ gy g2 4 2
where inequality (a) utilizes the fact that (1 — ;) <1 —a,; < land a, ;41 = cn ; for all

i € [I], and the following fact: suppose we choose 7, ; = #/(w; +i+71)'/3, then for 0 <[ § i<,
we have:

Nr,l (wz“rb“rTI)l/g_ wi—i—i—wl—l /3
Nei  (w +14+T7DH/3 wy+l+71

<l4+ —m—— <2 17
( wl—i-l—i—TI) - +3(wl—|—l—|—7'I)_ a7

The first inequality is by the fact that w; < w; and 0 < i — [ < I — 1, the second last inequality uses

the concavity of 2'/3 as: (x + y)'/3 — /3 < y/32%/3, while the last inequality uses the fact that
w >0,1>1,1>0,7>1.

For the difference 1, ' — 1, ", we have:

11 (witit+rDY? (wia+i—147D)3
Nri Nri—1 K K

(2) (wi_1 +i+7I)Y/3 C(wini+i—1+4 TI)Y/3

- K K

(t) 1 (© 22/3 2 () 22/3 ,(d) p

< : < . =330 S 55370053
3k(wi1 +i—14+71)2/3 = 3r3(w; +i+71)2/3  3k3 72K3LK0-5]2

(18)

where inequality (a) is because that we choose w < w, (b) results from the concavity of /3
as: (x +y)Y/3 — 23 < y/(32%/3), (c) used the fact that w > 2, finally, (d) and (e) utilize
the definition of 7, ; and the condition that 7, ; < =777, respectively. So if we choose ¢ =
96L2 P

L1 -1 _ 96L
Kp2 79k3 [ K052 we have: 777—71' - 77771'_1 - Cn‘r,i = T Kp? 7]7‘ )
Therefore, we have:
E|e; i+1H2 E”éTiHZ 96L N7 512 2
: - - Elle Cri Nr.e E”V-,— _VT€||
Nr,i Nri—1 K,O ; Z ¢
8L%n, 40? 27731

+ —F dT i+
K lldrall” +
Multiplying K p/64L? on both sides, we have:

Ep (Eleriml®  Ellerd®) o 3nrig 2,
2 - = ||€-,—’i||
64L 2

bK

Z?HZ]EHVM — vl
=1

Nr,i Nr,i—1
2 2 3
Nr,iP 7 2 777 iP
PRI — el
+ 8 ldall”+ 16L2b
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Then we sum the above inequality from 0 to I — 1 and get:

_ _ I—-1 I— 7 K
Kp (Elesl>  Elérol? 30~ K
sire (St <=5 a3 EU S S oy s
= k=

Nr1—1 Nr—1,1-1 =0 -

Nr.if a’c?nd ,p
+Z EHd72H2+Z 16L2b

I
s—zi’”j;Eu T (UEI] oM e

1=0 =1 k=1
2 2,3
Nrip 2 ip
E|d,.
Z | +Z T3

By definition, we have &, o = e-_1 and &, ; = e, then we get the results in the lemma by replacing
Tby T+ 1. O

B.6 DESCENT IN POTENTIAL FUNCTION
We define the potential function as follows:

Kp eI

d, = f(z, .
f@n)+ 64L2 1: 1,11

19)

Next, we characterize the descent in the potential function.

Lemma B.13. For any T > 0, we have:

2
=0 =0
I K
a2cp 8I(I-1) ® ) )
"6 ZUTH ' P ;m“’i ;E||Vr+1,i = Uil

where the expectation is w.r.t the stochasticity of the algorithm.

— DPNr 41 n2i1 L -—
Bl - ( SRR )End I 5 S tren Il

Proof. We can the inequality in the lemma by combining Lemma [B.9]and Lemma [B.12

B.7 ACCUMULATED GRADIENT ERROR

In this subsection, we bound the gradient consensus error given by term Zszl IE||V£I? — vl
Lemma B.14. Fori > 1 and o; < 1, we have:

~ SKIJQCznff i
ZEIIV( )= ol < Z Ellp) ) = Brama|* + SKIL2 2 By | + ————=

1—1

9612 L2
+16KIC !, ) + e ZUT@ZEIIW
(=1 k=1

where the expectation is w.r.t. the stochasticity of the algorithm.
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Proof. By the update rule of ui(k) (we omit the global epoch step for convenience), we have:
k) -
Bl - ol
= EHVJ‘(’“) (@58 + (1 = ai) (v, = VIO @2 B))

2

K K
1 L 4 1 o 4
- (K§ VD (@B + (1 - o) (i1 — =2 ij<]>(1:§”1;5§”))>
Jj=1 j=1

K
= EH(l - ai)(yi(ﬁ)l —Dio1) + V® @, g*y - 1 Z VD (9 BYD)

K “
Jj=1
1 XK 2
k
(1= a) (VI B - £ Y v
j=1
2 1 | X
< (1481 - a)?E|v®, —mica | + (14 2 B[O @M BP) - = 3 00 @ B)
2 B KjZI
1 X _ ‘ . 2
- (=) (VrOEEY) - £ S| @0)
j=1
where the last inequality uses Proposition[B.1]
Next, we consider the second term:
Eva(k)( ®), gk _ vam (), gy
K 2
_(1_ai)<vf(k)( zlc)l’g(k) Z V) (! (J) B(J ))H
(%) 2Eva(k)( (k). B(k) va(]) (J) BJ)
1 X 2
k k
- (vﬂ’”( DB - 2> v 5”1,8‘”))H
j=1
K 2
+2a?E‘Vf(k)( (k) B(k) Z (J) J))H
® (k) (F). 3(k) (k) (k)
< 2E|| (VP (2" B) — v r®) (o) B ))
| X 2
k k j j j
+ 2028 070, 5 - KZvﬂ”(:cE”l;BMH
© 2 ) _ 40 P2 © 0 5y LS~ ) 0) . )
< 2L2E|[z{" — 2 || + 202E||Vf®) (2 By — ?ZW (zi"); B ) . @D

where inequality (a) uses Proposition [B.T} inequality (b) uses Proposition [B.2} inequality (c) uses the
smoothness assumption.
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Next, we consider the second term in equation 2T above, we have

E‘ AR Zvﬂ” B“))H

:EH<Vf“f><x£‘”1;B )= VM)

K

K 2
Z (VD@2 B7) = VD (@) + V0 éZW(WJH
j=1

: 2EH (V@ (@ 8H) — v @ M)

—%Z V@D BY) - D)

(a) 2 | X e
: mH(w“ﬂ(wE’“%;@’”)—vﬂ“(d%)\ +2EHVf(k)($f-k)1)— Zvﬂﬂ(m?)a”

J
< 2B[|(V7O @ BY) = VO @) | + 48]V ® i) = V(@)
K 2
+8E[| VP (@) - v 0 ()| +8IEHVf(x1 - 1va(j)(x@l)n

(b) 252
< T +—ZEHVf (Fi-1) — VD (zi-1)|?

o)~ 2 SIS ) s o
+8L°E|x; 7 — " + K ZE”%_l |
Jj=1
© 20 8L?
e +4§2+8L2]E||x(k) —Ea)?+ ZEHx;J’l — Fia? (22)

where inequality (a) uses Proposition[B.2} 1nequal1ty () utilizes bounded variance assumption; (c)
uses the bounded heterogeneity assumption. Finally, substituting equation 22]and equation 2T]into
equation 20|and sum over all K workers, we get

K
k —
DBl -
k=1
K
< (1= 014 ) Y B, - v 427 (14 5 )Zwmw &
k=1

AK 1
+ b" (1+B>a§+8K§2(1 B)a +32L2(1+ ) ZIEH:UZ | F 2

where the second inequality uses claim 3 of the Lemma. For the term Z b1 ]E||a:(k) (k) L2,
we have

K K
ZEIIxE’“) — a2 <2 Ela® - 7 - @) - 7o) 2+ 2D EllF - 7
k=1 k=1

K K
<A Ela - 72 + 4 Ellz{?) - #i1))? + 207 1 Elld;—|?
k=1 k=1
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So we have:
K
Zﬂznuﬁ’” - i)”

<(1-a)%(1+B) ZEHV(’” — || AK L2, (1 + 1)1E||d1-_1||2

B

+8L2<1 + ) ZEHx(k) — &2

4Ko? 1 1 3
+— <1+B>af+8K(2<1+B>a +40L2<1+ )me L= T |?

Next using Lemma [B.7] we have:
K
k _
S En -7l
k=1
K 1 ~
<A-w)(1+6) > E|y) - i P +4KL27711<1+5>E|CZ¢_1||2
k=1
8L2 "
+ ( >ZIE||Z( Ak
AK o 1 1 40L2 1\ o= 0 (k)
+ 1+>a§+8K§2(1+)a?+(1+> E|z") — 24|
(143 5 )t T (1) L BIs

1 .
B>E|di_1n2

<0008 B P it (1
k=1

4K02( 1) ) 2( 1) ,
+ 14+ =)o +8K¢° |1+ = o
b 3 s

48L2 2 2
2 1+ I-1) ZWZEHW —
=1 =

8KIo2c*nt |

K
1 o .
<1+ j) EH’G‘(E —via||” +8KIL*p (Elld;—1|* + A

k=1
961212 X
+16KIC2nt | + p > 03 ZEHV(’“) 7| (23)
/=1 =

In the last inequahty, we choose 8 = 1/[ then we have (1 +1/8) < (14 I) < 21, we also use the
fact that (1 — ;)? < 1 and a; = cn?_; < 1. This completes the proof. O
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Lemma B.15. Forn; < W%, then we have

GRS (k) 2 - P < 702 poic®  p(Pc? - 3
— iy E — — nE||d; -
”n§: o = 7 < 4§:O; Il +(84bL2+42L2)§i_03m

Proof. By Lemma (we omit the global epoch number for convenience) we have:

K 2.2, 4
~ 8Klo“c
ZEHV““)—VW Z J i |]P 4 SKIL2 2 Elldiy |2 + ot Oz
< b
961212 2
+I6KICE . + —5— > n; ZEH — oy
p =1 k=1
K 2.2..3
1 (k) - 2 \/Emefl 5 2 \/>PU VAP
*)Z]EHWA - Vi71|| + TElldqu —eIlb
VEpC23np. L 967 L2 !
R 1T > ZEW —wlt e
=1 k=1

where in the second inequality, we use the condition that 7; < jz77%=7=. Applying equation
recursively from 1 to . We have:

K i-1-¢ 9 2 i1 i—1—4
B pr 1 - VEKpoie 1

DBl -l < Z(ln) w42+ YL S (1 1)

k=1 =0

\/EPCQCQ i—1 1 i—1—¢ 5
el it Bl 1+ =
REY57 %( +I> e
1

i—

i—1—¢ £
) S ZEnu 2
=0 /=0

(a) \/ELP 1 Ii—1 \/7p0' C 1 Ii—1
< ( 7) D (1+7) T

96L2 2

Nng

67 © 6ILb e
\/?p<262 Ii—1 96L213 Ii—1 )
+?>IL< ) Z i+ ——5— ( ) ZWZE”V* — vl
(b) \/I?Lp i—1 ~ \/>00' 2 \/>pg2 i—1
< E||d¢|* +
< 57 > neEllddl® + 571D Z m A+ ———>
=0 =0
288L213
Z ZEH - )%, (25)

where inequality (a) is by the fact that 14+ 1/7 > landi—1—¢ < [ fori € [I] and ¢ € [i] and
inequality (b) is because that (1 4+ 1/1)f <e < 3.
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Next, multiplying both sides of equation 25]by 7; and summing overi =1 to I:

i—1 i—1
z;mZ]EHV —nl? < \FLpz;mZmEHdzHQ \ijgbc Z i;ﬁ?

i=1

290 I i—1 i—1
fp( S g4 BEL 88LI ZﬂzZWZE” ORI

i=1 £=0 =1 £=0

@ VKL ! — . K K pC2c? =
\ﬁ p(Zm) Z:WEHCQH2 + (\/;pLUbC + \F_,pLC - ) (Zm) Z227727’
_ =0

i=1 i=1

n 288pL2[3 <Z77z> ZW ZEH (k) —?
=1

£=0 =
© = 2,2
2y procc pCec . )
B 9612 ZmE”d "+ (9612L2b 48]2L2> Zm ZWZE”W — |
Z 1 =

where inequality (a) uses the fact that i < I and (b) uses that we choose 7; < p/(48LK°51?).
Rearranging the terms we have:

2422 I

E — P < L= E||d;||?
Z kZ:: " = 9612 ;" Il +(9612L2b 48]2L2)Z:

z=1

Multiplying 81% /(7K p) on both sides, we have:

LZT ZEHV( )—I/ ||2 ﬁlz E||J||2+ p02C2 I p<202 S 3
p 84 £~ i sar2p | 4212 ) &'

=0

This completes the proof. O

B.8 PROOF OF THE MAIN CONVERGENCE THEOREM
In this subsection, we prove Theorem [5.6|and Corollary 5.7. To prove Theorem 5.6 we firstly show
the following theorem hold:

K?/3p 961> p
, C = ,
L Kp? = T2k3LKO05]2

Theorem B.16. Choosing the parameters as k = wy =

max{2, 4836 KT/2 t}, and choose 1, = W, then we have:
=
7 X (Bl + Elel?)
t=0
96L12 2L . 7214 312 9
[ 02T + p2K2/3T2/3} (f(wo) = f) + [bpoT + 2b1p2K2/3T2/3} 7

1922 4812 1 ¢?
+ 7 X ( 7t K2/3T2/3) (41) +> log(T + 1).

., 2
Proof. By definition, we have 7y < 1y < m/wé/?’ = p/A8LK"SI?, then ¢ = Igﬁ(% +
2 2
72K11.512>§1?<2L2 and: cnf < eny = 1?(2;2 * etz < 1, so we have oy < 1, then the

conditions of Lemma[B.13}Lemma are satisfied.
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Firstly, substitute the gradient consensus error in Lemma [B.15]|to Lemma [B.T3] we can write the
descent of potential function as:

-1 5,07] 772 L 1 I-1
T+1,% T41,% 7 _
E[®r41 — @] < - E < 3 T > Elldri1il* — ?p E et iBllersil?

=0 =
a?cp = 3 2p = . 2p02c? 4p§2 2\ A
7ep R Y O A
+ 16L2b gt M1, + 21 iion +1, H +1, || + ( 21[/2() 2172 > 77 +1,i
1 I—-1
1 pU.QCQ CQ 2
2 2
T Q 5. T ’LE T 7 )
E - +1 || E Nr+1, He +1, || (4L2b + 4L2 v 77‘r+1 i

where (a) follows from the fact that 7; < m < =5

Suppose we denote T' = EI,andt = 7] + i fort > 0 and 7 > 0. Then we have 7, = 7,41,
di = dr41,4, & = €-41,;. In particular, we denote n7_; = 7o for convenience.

Then we sum the above inequality for 7 from 0 to E' — 1, and get:

T— 2 2 2\ T
Jull > Megia? 4 (PC L PEC 3
]E[(I)E — @o]ﬁ - Z ( B) )EHdtH Z E” t” <4L2b 4L2 ) Znt’

t=0 t=0

Rearranging terms, we get:

T-1

T 2.2 2.2 -
Pt 52, Moy = 12 pocc pCc 3

E —E|ld||* + —E <E[®y)— PEg|+ + = E
( 2 el 2p lec]l > < El®o — 2] (4L2b 412 ) pord I

t=1
%) Kp Blleol? | (po'c  pcte\ K2,
< _ *
< f@o) ="+ g w i T e Zm

(®) a2p po2c?  p(2c?
< — f*
< flwo) =7+ 64by Loy | (4L2b 4L2 ) Z Tis (26)

where (a) follows from the fact that f* < ® and (b) results from application of Lemma[B.10|and b
is the minibatch size at the first iteration.

Next for the last term of the equation [26]above, we have:
T-1 3 (a) T

Z > ZLS < W (T +1). @7
= K
e = we+t = 1+t

where inequality (a) above follows from the fact that we have w; > 1 and inequality (b) follows
from the application of Proposition

Substituting equationin equation |26} multiplying both sides by 2/(pnrT') and using the fact that
74 1S non-increasing in ¢ we have

T-1
1 5 1 2(f(xo) — f*) 1 o? K> (0?2 2¢%c?
— Elldi|? + SEle&l?) < (T + 1).
T ;( Idell™+ 22 e ) = T 32 ey T wrz T oz ) T D

pnrT nrT
(28)
Now considering each term of equation 28| above separately. For the first term:
1/3 (a) 4%/3 (b) 27-0.5
1 _ (wr +T) 2wy n 1 Y 48LI°K L L . (29)
nrT KT - kT KT2/3 — pT pK?2/3T2/3

where inequality (a) follows from identity (x +1)/3 < 2'/3 4- y/3 and inequality (b) follows from
the definition of x and wr Similarly, for the second term of equation we have from the definition
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of ng and np:
Lo (LK’ L Lo wi!®
nrT 320L%ny — oT pK?2/3T2/3 320, L2 K
48 L K05]2 L o2 A8LK0-5]2
< + X X
oT pK?2/3T2/3 32b, L2 p
T2K T4 9 3K0-512 9
bpoTU + 2b1p2K2/3T2/3J (30)
Finally, for the last term in equation |2;8'| above, we have from the definition of the stepsize, 7,
K362 42
— | In(T +1
nrTL? <4b + ) n(T+1)
48LK0'512 L 1922 2¢2
< — | log(T +1
= ( T pK2/3T2/3> Lp <4b * ) og(T +1)
1922 48K0-512 1 ¢?
< 2 X ( T + K2/3T2/3> <4b +> log(T + 1). 31

Finally, substituting the bounds obtained in equation 29] equation[30]and equation[31]into equation 28]
we get

T-1

1
7 X (Bl + Ell?)
t=0
96 LK 512 2L . 72K I* 3K0512 9
02T + P2 K2/372/3 (f(zo) = f7) + by p?T + 261 p2 K2/3T2/3 g
1922 48KO5? 1 o?  2¢?
+ 2 X ( T + K2/3T2/3> <4b + ) log(T +1).
This completes the proof of the theorem. O

Now we are ready to show Theorem 5.6} Firstly notice that:
G

1, . B 1. B ~ 1, _
pj:n*t2||$t—$t+1||2+p7||%—Vf(ﬂ?t)HQ:|\dt||2+;||€t||2

Combine with Theorem[B.16} we have:

T—1
1 96 LK -5 ]2 2L o [T2KI* 3K ]2
T ZJE[Qt] < [ 7+ K2/3T2/3}(f(x0) —f+ { nT 2b1K2/3T2/3}U

48 K0-5 12 1 2¢2
2
+192° x ( Tt K2/3T2/3) (4() + ) log(T + 1).

Remark B.17. For the measure G;, we discuss its intuition under both the unconstrained and con-
strained case. First, for unconstrained case, i.e. when X = R<, we have:

:HH;lvf(jT,i)*H V‘MJFH 1’77'1” <||H IVf(:v.”) H;lpf,i||+”H;lﬁ‘r,i||
1 1 ~
S;HV‘F’L vf(x71)|‘+77 HxT’L xT,i+1||S\/§\/ gr,i/ﬂ

T,Z

In the last inequality, we use Jensen inequality, and in the second last inequality, we use As-
sumption and the fact that &, ;41 = 2,0 + H7'Z; ;41 and Z,; = xr0 + H;'Z;; and
2
Nr.iVri = Zri+1 — Zr,; in the unconstrained case. In other words, we have ||V f(Z;)||* < 2”217;”97.
Note the coefficient of the right-side is an upper bound of the square condition number of H,. It
is common assumption in the analysis of adaptive gradient methods that H; has a finite condition
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number [Huang et al.| (2021)). In sum, the convergence of our measure G; means the convergence to a
first order stationary point in the unconstrained case.

1
Nr+1,i

Next, for the constrained case, our measure upper bounds the gradient mapping
x{ is defined as follows:

||+ *xiﬂ,i

)

2141 = argmin{—(z, 25, ) + 5 (¢ = ) Holo - 2,)}
zeX

where 274 ; = Zé:o —neV f(Zr+1,;) is the accumulation of true gradient. Next follow Lemma
we have:

- 1 _
12711 — Frgall < ;||Zi+1,i — Zr41,i

i—1 i—1
1 ~ — (a) Nr+1,e ~ —
= I3 1V @rine) = rn D < 3 TNV Fria0) = P
1=0 =0

where inequality (a) is due to the triangle inequality. Next we have:

lzr — 2714l = lor = Trgri + T — 2ol < or = Trprill + 1 T7410 — 27404
i—1 i—1

7 ~ 3 Nr+1,0 - _
I il 4 1 = anll £ 3 (el + 1) = sl
=0 =0

By Jensen inequality and the definition of the measure equation[9] we have

~ _ B 2
ld: || + %me) o) < Y20 /g

p
So we have
1 i} V2 S i 272 2
||x7— _xT-f—l,iH S 7277\/ g7’+17l S 72 V g‘r-‘rl,fv
Nr+1,i P 1—0 Nr+1,i p 1=0

the last inequality is because of Eq. equation[I7] In all, when the measure G, 1 ¢ — 0, the gradient
mapping —— ||z, — x} 1 ;|| converges to 0.

Nr+1,i
Corollary B.18. With the hyper-parameters chosen as in Theorem [B.I6] Suppose we set I =
O((T/K?3°)1/) and use sample minibatch of size by = O(K°>I?) in the first step, Then we have:

f@o) = [\, 50 (¢
6. = 0(5tizats ) + O arvgn ) + O v )

and to reach an e-stationary point, we need to make é(K “Le=15) number of steps and need
O(K ~925¢=1-25) number of communication rounds.

Proof. Tt is straightforward to verify the expression for E[G;] in the corollary by applying Theorem
and choosing I and b as corresponding values. As for the gradient and communication
complexity of the algorithm. We have the following results: The number of total steps 7" needed to

achieve an e-stationary point, i.e. O(W) = ¢, then the gradient complexity is O(K ~1e=3/2).
Total rounds of communication steps to achieve an e-stationary point is £ = T'/I, as we have
I = O(T/K35)'/%), then T/I = O(K7/'2T>/%). By the fact that T = K~'e¢~3/2, we have
E = O(K~Y4e5/4), O
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